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ABSTRACT
Understanding the dynamics of polymer solutions and functional materials in nonequilib-
rium flow conditions is of key importance for controlling materials properties during pro-
cessing, which often involves highly nonequilibrium states that cannot be understood in
terms of equilibrium principles or thermodynamics. From this view, it is essential to un-
derstand the rheological behavior of complex fluids in order to control materials properties
during flow-based processing. This thesis focuses on investigating the dynamics of architec-
turally complex polymers (linear polymers vs. ring polymers) across multiple concentration
regimes using a combination of single molecule fluorescence imaging and precise microfluidic
flow manipulation under nonequilibrium flow conditions. This thesis also includes studies
on the concentration-driven self-assembly and sol-gel transition of a new class of biohy-
brid functional materials comprised of synthetic pi-conjugated cores and sequence-defined
oligopeptides using combined characterization tools.
Over the past two decades, advances in fluorescence imaging and particle manipulation
have enabled the direct observation of single polymer dynamics in model flows such as shear
flow and planar extensional flow, which gives people access to molecular-level information on
polymer dynamics. While the vast majority of single polymer studies has focused on chain
dynamics using simple transient step forcing functions, there is a clear need to implement
more complicated flow types and transient flow forcing functions in order to study single
polymer dynamics in non-idealized ‘model’ flows. In the first project, we demonstrated the
first molecular rheology experiment utilizing two-dimensional time-dependent control over
the entire x-y flow plane by directly probing single polymer dynamics under large ampli-
tude oscillatory extension (LAOE). We are able to generate both small and large amplitude
sinusoidal oscillatory extensional flow in a cross-slot microfluidic device while imaging the
conformational dynamics of single polymers trapped at the stagnation point. Using this
experimental technique combined with Brownian dynamics (BD) simulations, we have un-
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covered hidden dynamics of single polymers under highly time-dependent and nonequilibrium
flow conditions.
In the second project, we continue to increase the polymer concentration into concen-
trated regime as concentrated polymer solutions exhibit complex dynamic behavior due to
an interplay between topological entanglements and nonequilibrium effects. We directly ob-
serve the relaxation dynamics of single λ-DNA molecules in semidilute entangled solutions
(ce < c < c
∗∗) and our results show that single polymer relaxation trajectories exhibit ei-
ther a single-mode or double-mode exponential decay, which starkly contrasts relaxation
behavior from ultra-dilute and semidilute unentangled solutions (c∗ < c < ce). Through
the concentration-dependent scaling of different relaxation timescales, we also provide phys-
ical interpretations of the relaxation behavior for these lightly entangled solutions. Moving
forward, we extend single molecule studies to polymers with complex molecular topologies
in nondilute solutions in order to reveal intermolecular interactions between polymers with
different chain topologies. In the third project, we report the direct observation of ring poly-
mer dynamics in semidilute unentangled solutions of linear chains (c∗ < c < ce) in planer
extensional flow. Remarkably, our results show that ring polymers drastically fluctuate in
chain extension in extensional flow, which we hypothesize, is due to the transient ‘threading’
of linear polymers through open ring polymer chains in flow.
To this end, we are also applying perspectives from polymer dynamics to inform the un-
derlying physics during functional materials self-assembly, which could potentially inform
the future ‘bottom-up’ design of functional polymeric materials based on different molec-
ular building blocks. Taken together, combining single molecule fluorescent microscopy,
microfluidic flow manipulation, BD simulations, confocal microscopy, electron microscopy,
optical spectroscopy, and microrheology, we aim to provide fundamental molecular-level in-
formation of linear and ring polymer dynamics in nondilute solutions under time-dependent
nonequilibrium flow fields. We also elucidated the self-assembly and sol-gel transition mecha-
nisms of a new class of biohybrid functional materials. From a broader view, we are effectively
understanding the link between micro-scale structural/dynamical properties and bulk-scale
emergent properties of polymer solutions and functional materials. This would inform the
future design and processing of these materials with ‘programed’ functionalities.
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CHAPTER 1
INTRODUCTION
1.1 Nonequilibrium processing of complex fluids
The processing of complex fluids and soft materials often involves highly nonequilibrium
states that cannot be understood in terms of equilibrium principles or thermodynamics
[1]. From this view, it is essential to understand the rheological behavior of complex fluids
in order to better control and tune materials properties during flow-based processing. To
address this issue, the dynamic behavior of polymeric liquids is commonly studied using a set
of canonical rheological tests based on shear flow (Figure 1.1a) or extensional flow (Figure
1.1b) [2].
Simple shear flow consists of equal amounts of fluid rotation and compression/extension,
thereby resulting in interesting albeit complex dynamics at the microscale [3]. Hence, bulk
shear rheometry has evolved into a universal method used to probe the dynamics of polymeric
materials, including both transient and steady state shear rate experiments, controlled stress
or step-strain experiments, and oscillatory shear experiments to probe frequency dependent
properites [1–3]. In particular, small amplitude oscillatory shear (SAOS) has been used as a
Figure 1.1: Streamlines for (a) simple shear flow and (b) planar extensional flow.
common method to probe the response of complex fluids in the limit of small deformations.
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However, SAOS probes only the linear viscoelastic properties of materials [2, 4], which is
usually insufficient to fully understand the nonlinear properties of fluids with complex micro-
or nano-structures under highly nonequilibrium conditions. To address this issue, large
amplitude oscillatory shear (LAOS) was developed [5] and widely adopted in recent years to
characterize the nonlinear rheological behavior of complex fluids [6], In LAOS, the nonlinear
stress response of complex fluids is no longer a simple first order sinusoidal function, rather, it
typically appears as a complex distorted shape with higher order harmonics that depend on
the material structure. Mathematical models have been developed to analyze these unique
nonlinear stress responses [7, 8], based on which complex fluids can be ‘fingerprinted’ [7].
Extensional flow is considered to be a ‘strong’ flow that can induce high levels of mi-
crostructure deformation. Unlike simple shear, extensional flow contains no elements of fluid
rotation and consists only of extensional/compressional character. For these reasons, ex-
tensional flow and rheological tests based on extension-dominated flows are generally more
difficult to experimentally implement. To this end, development of the filament stretching
rheometer (FISER) and the capillary breakup extensional rheometer (CABER) has enabled
bulk extensional rheology measurements on complex fluids, thereby revealing the response
of materials to strong extensional flows [9]. Although the vast amount of bulk extensional
rheometry focuses on transient step strain or step strain-rate experiments, a few prior studies
have reported time-dependent extensional flow measurements using bulk rheometry [10].
While most of the above methods are bulk level characterization techniques that rely on
measurements over ensembles of polymer chains, single molecule techniques have been used
to probe the dynamics of soft materials at the molecular scale over recent years [11, 12].
Single polymer methods allow for the direct observation of polymer chain dynamics under
non-equilibrium conditions, which serves as a useful complement to bulk-level rheological
measurements. Prior work has focused on steady and transient polymer dynamics in shear
flow [13–15], planar extensional flow [16–18], and linear mixed flows [19, 20], thereby reveal-
ing valuable information on dynamic behavior such as molecular individualism [21]. In nearly
all cases, however, the vast majority of single polymer studies has employed simple on/off
step functions for imposing flow ‘forcing’ functions for both transient and steady-state exper-
iments. In Chapter 2 of this thesis, we extend single polymer dynamics into large-amplitude
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oscillatory extensional flow (LAOE), which is a more complicated, time-dependent transient
flow [22–24]. These experiments would serve as a direct analogy to macroscopic oscillatory
rheological measurements.
1.2 Concentration regimes of polymeric liquids
Dynamics of polymeric liquids are significantly influenced by their concentration. Polymer
solutions can be classified as dilute or semidilute depending on the polymer mass concen-
tration c [25]. When the polymer concentration c is less than the overlap concentration c∗
(c < c∗), which is defined as
c∗ =
3M
4piNARg
3 (1.1)
where M is the polymer molecular weight, NA is Avogadro’s number and Rg is the radius of
gyration, the polymer solution is classified as dilute. In dilute solution, the average distance
between polymer chains is larger than their size, as illustrated in Figure 1.2a. When the
solution concentration continues to increase above the overlap concentration but below the
critical entanglement concentration ce (c < c
∗ < ce), polymer coils start to overlap but no
entanglements are formed in the solution at equilibrium. The polymer solution is now in
the semidilute unentangled regime (Figure 1.2b). When the concentration c continues to
increase beyond ce such that ce < c < c
∗∗, the polymer chains start to entangle and the
solution is in the semidilute entangled regime (Figure 1.2c). If c continues to increase above
the critical concentration c∗∗ (c > c∗∗), however, polymeric macromolecules start form a bulk
liquid state in the absence of solvent, which is called a polymer melt.
The rheology of dilute polymer solutions, in which single polymer chains rarely overlap
and intramolecular hydrodynamic interactions (HI) and excluded volume (EV) interactions
play a significant role, is relatively well understood theoretically and experimentally over the
past three decades [26]. The equilibrium and nonequilibrium properties of semidilute unen-
tangled linear polymer solutions are also studied experimentally using bulk characterization
techniques such as light scattering [27], shear rheology [28], single molecule techniques [29],
and BD simulations [30].
For entangled polymer solutions, however, dynamics of polymer chains are dramatically
3
Figure 1.2: Concentration regimes of polymeric solutions in (a) dilute, (b) semidilute
unentangled, and (c) semidilute entangled regime in the context of blob picture.
slowed down because of topological constraints. Many theories are proposed to fundamen-
tally understand the underlying physics of this slow dynamics. One of the early seminal ideas,
the tube theory [31], pioneered by de Gennes [32] and extended by Doi and Edwards (D-E)
[33] effectively reduced the complex many-body problem into a single chain reptate through
obstacles formed by surrounding chains based on a mean-field approximation. While the
tube model was first introduced for polymer melts, it was later applied to entangled polymer
solutions through reptation of space-filling ‘correlation blobs’ (Figure 1.2c) [25].
Besides theoretical efforts, entangled polymer solutions have also been investigated experi-
mentally. Important linear viscoelastic properties such as zero-shear viscosity η0 and longest
polymer relaxation time τd of entangled polymer solutions are measured through rheology
[34], dielectric spectroscopy [35], neutron-spin-echo spectroscopy [36], and nuclear magnetic
resonance (NMR) spectroscopy [37]. While experimentally measured polymer relaxation
times and zero-shear viscosities exhibit a molecular weight M dependence of τd ∼ η0 ∼M3.4
for entangled polymer solutions and melts [1, 38], the original tube model predicts a lower
molecular weight dependence of M3. To reconcile for this discrepancy, extensions to the
D-E theory such as constraint release (CR) [39], contour length fluctuations (CLF) [40], and
convective constraint release (CCR) [41] are made.
Traditional experimental techniques largely probe the response of an ensemble of poly-
mer chains, and hence do not have molecular-level resolution. On the other hand, single
molecule fluorescence microscopy enables the study of polymer physics on single molecule
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basis. Previously using this technique, Perkins et al. [42] first directly observed tube-like
motion in highly entangled polymer solutions, Robertson and Smith [43] directly measured
the tube confining force with evidence on rate-dependent tube dilation, and Teixeira et al.
[44] probed the single chain dynamics under shear flow. However, the relaxation dynam-
ics of single polymers in semidilute entangled regime, especially during the transition from
semidilute unentangled to entangled regime, has not been fully studied. In Chapter 3 of
this thesis, we systematically elucidate the moelcular-level relaxation dynamics of a single
polymer chain across and above the entanglement concentration ce using single molecule
fluorescence microscopy [45, 46].
1.3 Polymers with different chain topologies
Chain topology has a profound impact on the dynamics of a single macromolecule. While
studies on linear polymer chains have an established history, ring (or circular) polymers,
thanks to their unique topology, never stop to attract researchers’ attention [47]. Circu-
lar macromolecules are ubiquitous in biotechnology [48], and also play important roles in
DNA replication [49], looping [50], and chromosome segregation [51]. For these reasons, un-
derstanding the dynamics of circular macromolecules across different concentration regimes
from dilute to even crowded environments, which mimic the conditions inside the cell, is in
urgent need.
Figure 1.3: Schematic of different polymer topologlies. (a) Linear polymer (b) ring polymer
and (c) polymer network.
Since no free ends are presented for circular macromolecules which greatly alters the
diffusion [52], flow behavior [53], and glass transition temperatures [54] compared to linear
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macromolecules. Hence, achieving a clear understanding of ring polymer dynamics, especially
in nonequilibrium flow conditions, is a major task. Previously, most of these questions are
studied in the context of concentrated [53] or even glassy systems [55] using bulk rheological
characterization or computer simulations. Recently, using single molecule techniques [56]
combined with BD simulations [57], the conformational and orientational dynamics of large
ring DNA molecules in dilute solutions under planar extensional flow are investigated. Ring
polymers are found to relax ∼2.0-3.1 times faster than linear chains of the same molecular
weight, and exhibit a weaker molecular weight dependence with a power law coefficient of
∼1.4-1.6 comparing to ∼1.71 for linear chains, which is close to the Zimm model scaling
of 1.76 with EV interactions taken into account. The coil-stretch transition (CST) are also
found to occur at a larger Weissenberg number (Wi) for ciruclar chains, which is due to the
intramolecular HI between the two strands during stretching [57].
With the understanding of ring polymers in dilute solutions and linear polymers in semidi-
lute unentangled solutions from our previous work [29, 56, 57], a key question rises: How
does the interplay between polymer topology and polymer concentration affects the molecu-
lar level dynamics? In Chapter 4 of this thesis, we understand both the relaxation dynamics,
transient stretching and steady-state dynamics of ring polymers in semidilute unentangled
solutions under planar extensional flow [58, 59]. We also extend our studies to the dynamics
of ring polymers in semidilute unentangled ring-linear blend solultions.
1.4 Self-assembly of biohybrid pi-conjugated oligopeptides
Aside from investigating the single polymer dynamics under different conditions, we also
apply perspectives from polymer physics to understand the self-assembly kinetics of biohybrid
pi-conjugated oligopeptides in this thesis. Recent advances in supramolecular chemistry have
enabled the design and fabrication of next-generation functional materials [60, 61]. Using
a bottom-up approach, small molecule building blocks can be directed to self-assemble into
organized one-dimensional (1D) [62], two-dimensional (2D) [63], and three-dimensional (3D)
structures [64] via non-covalent interactions [65]. The emergent supramolecular architectures
exhibit unique properties which can be harnessed to develop tailored functional materials.
6
Specific intermolecular interactions within organic subunits generally govern the nanoscale
self-assembly process [66], such that intricate molecular mechanisms work in concert to guide
the formation of complex higher-order structures [67].
Nature has mastered the ability to order small molecule building blocks into hierarchical as-
sembled structures. Bioderived building blocks such as amino acids or peptides form diverse
heterostructures such as proteins or nucleic acid-protein structures, which serve to maintain
fundamental life processes. Peptides are a versatile subunit that possess high structural
controllability and biocompatibility, and self-assembled oligopeptide sequences form stable
helical or sheet structures due to stable intermolecular hydrogen bonding (H-bonding). From
this perspective, there is a critical need to understand and harness the molecular mechanisms
underlying self-assembly, which can be leveraged to enable the continued design and devel-
opment of functional materials [68].
Self-assembled 1D structures such as nanowires or nanofibers based on synthetic materials
exhibit enhanced anisotropic physical or electronic properties in a single dimension [69]. For
example, by carefully programming pi−conjugated aromatic units into the organic building
blocks, self-assembled 1D structures show the ability to transport charge carriers over long
distances under pulse-radiolysis [70]. These materials hold the potential to serve as candidate
materials for advanced soft semiconducting optoelectronic devices [71]. To this end, aromatic
units with electron/hole transport capabilities can be appended to oligopeptide sequences
to form well-defined monodisperse subunits with H-bonding motifs [72, 73].
Peptide-pi-conjugated hybrid systems could potentially outperform conventional synthetic
pi-conjugated systems in terms of structural diversity, sequence controllablity, and functional
tunablity. In particular, synthetic oligopetides with pi-conjugated cores generally show excel-
lent processability in aqueous solutions and were shown to demonstrate hole transport capa-
bilities, thereby providing promising candidate materials for field-effect transistors [74]. Here,
we are interested in a new class of biomimetic materials comprised of synthetic pi-conjugated
cores flanked by sequence defined amino acids. These synthetic oligopeptides are designed
to contain either a quaterthiophene (OT4) core or a perylene diimide (PDI) core situated
between symmetric flanking oligopeptides with a primary amino acid sequence Asp-Phe-Ala-
Gly. The overall sequence of the pi-conjugated oligopeptides is HO-DFAG-OT4-GAFD-OH
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Figure 1.4: Chemical structures of DFAG-OT4 (up) and DFAG-PDI (down).
(abbreviated as DFAG-OT4) and HO-DFAG-PDI-GAFD-OH (abbreviated as DFAG-PDI),
as shown in Figure 1.4. In Chapter 5 of this thesis, we will focus on the concentration-driven
assembly of synthetic oligopeptides containing two different pi-conjugated cores using a com-
bination of characterization tools including confocal microscopy, electron microscopy, optical
spectroscopy and microrheology [73, 75–78].
1.5 Future prospects
The properties of soft materials are greatly governed by their micro-structures and micro-
scale dynamics. We strive to understand dynamics of soft polymeric materials on the molec-
ular level and bridge the link with their bulk properties. In this thesis, we focus on under-
standing model systems such as DNA solutions and biohybrid pi-conjugated oligopeptides.
We have so far revealed some important dynamical information. In the future, we are hoping
to extend the methods and analytical frameworks described here to more complex biophys-
ical/biomaterials systems.
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CHAPTER 2
SINGLE POLYMER DYNAMICS IN LARGE-AMPLITUDE
OSCILLATORY EXTENSION (LAOE)
2.1 Introduction
Dynamic oscillatory rheometry has been widely used to investigate the rheological behav-
ior of complex fluids such as polymer solutions [79], polymer blends [80], entangled polymer
melts [81], block copolymers [82], and colloidal suspensions [83]. Oscillatory shear is one of
the most common bulk rheology measurements used to interrogate soft materials and com-
plex fluids. In particular, small amplitude oscillatory shear (SAOS) is a classic method to
probe the linear viscoelastic properties of materials based on established physical principles
in the limit of small deformation [2, 4]. Using this approach, materials are interrogated un-
der small magnitude sinusoidal strains, and the time-dependent stress response is measured.
Linear viscoelastic measurements can be used to determine material functions such as the
elastic modulus G′(ω) and the loss modulus G′′(ω), where both linear viscoelastic moduli
are independent of the applied strain, provided that the strain amplitude is small. Although
SAOS is a convenient and useful method to probe rheological behavior, it is mainly used to
study only the linear response properties of materials. In most practical applications involved
in processing, however, materials are exposed to highly non-linear and non-equilibrium flow
conditions, thereby inducing polymer deformation under large strains and strain rates dur-
ing extrusion or related processes [84]. Moreover, vastly different complex fluids may yield
deceivingly similar linear viscoelastic signatures because small magnitude strains are insuffi-
cient to distinguish fine-scale structural differences at the nano- to microscale [6, 85]. Indeed,
for many complex materials, the distinguishing rheological signatures may be buried in the
non-linear stress response, despite showing apparently similar linear viscoelastic responses.
From this perspective, there is a strong need to characterize the non-linear rheological prop-
erties of complex materials.
In recent years, large amplitude oscillatory shear (LAOS) has been widely employed to
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investigate the non-linear rheological properites of materials. LAOS can be implemented
using fairly standard experimental tools including a sliding plate rheometer (SPR) [5] or
Fourier transform (FT) rheology based on a commercial rheometer [86]. LAOS is generally
performed over a wide range of strain amplitude and frequency [87], thereby revealing the
non-linear rheological response of materials. In addition, LAOS is performed as a smooth and
continuous process without sudden or discontinuous jumps in applied strain or strain rate
[5], which differs from several other non-linear transient rheological measurements such as
step strain experiments. In this way, LAOS can be implemented to effectively achieve robust
control over the strain input with reduced experimental noise. However, the challenge lies
in interpreting the stress response obtained from LAOS experiments, because the transient
stress cannot generally be described using linear viscoelastic theories due to the presence of
higher order harmonics or strong non-linearities. To address this issue, Ewoldt et al. [7] used
a set of first kind orthogonal Chebyshev polynomials to characterize the non-linear stress
response, and this method was based on a non-linear stress decomposition (SD) method
[88]. In this way, certain complex fluids can be uniquely ‘fingerprinted’ [89]. Rogers et al.
[90] described the non-linear stress response as purely elastic to purely viscous sequences
of processes to extract fundamental physical interpretations of dynamics. In addition to
experimental work, Radhakrishnan and Underhill [91] studied the LAOS response of a di-
lute polymer-nanoparticle mixture with short-ranged attractive interactions using Brownian
dynamics (BD) simulations. A frequency-sweep was performed with a fixed peak strain rate
above the critical polymer globule-stretch transition strain rate, and transitions between
different conformational states were identified.
In addition to shear rheology, extensional rheology has also been used to study the non-
linear properties of complex fluids. Extensional flow is considered a strong flow that is very
efficient at unraveling flexible macromolecules or aligning semi-flexible bio-filaments [9]. In
recent years, large amplitude oscillatory extension (LAOE) has been developed for bulk-level
studies of materials. Using this approach, Rasmussen et al. [92] and Bejenariu et al. [93]
examined the soft elasticity of polystyrene (PS) melts and crosslinked polydimethylsiloxane
(PDMS) networks using a customized filament stretching rheometer (FSR) [9, 94]. A unique
periodic response for the elongational stress τxx − τrr was measured in LAOE that is analo-
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gous to the periodic response of shear stress τxy in LAOS. However, the application of bulk
extensional rheometry can be quite challenging for some materials due to gravitational effects
for high viscosity samples, which could limit the range of strain rates that can be explored
[9]. These problems can be mitigated by using microfluidic cross-slot devices to generate
high strain rate planar extensional flow. Odell and Carrington [95] first developed the ex-
tensional flow oscillatory rheometer (EFOR) using a cross-slot microfluidic geometry and
four electronically-driven piezoelectric pumps. Here, flow-induced conformational changes
to macromolecules are detected using optical birefringence. Using this approach, Haward
and coworkers [10, 96] measured the extensional viscosity of dilute polymer solutions from
the transient birefringence response in flow. Recently, the geometry of the microfluidic cross-
slot device for EFOR was optimized to achieve precise extensional flow profiles across the
entire cross-slot region for a wide range of strain rates [97].
Bulk rheological techniques are essential in measuring macroscopic stress in complex ma-
terials. Nevertheless, these methods can only be used to indirectly infer flow-induced defor-
mation at the molecular scale. Single molecule techniques, on the other hand, allow for the
direct observation of dynamic microstructure in non-equilibrium flow. Recent advances in
single molecule fluorescence imaging have enabled the direct observation of single polymer
dynamics in simple model flows such as shear flow, [13–15, 98–100] planar extensional flow
[16–18], and linear mixed flows [19, 20]. However, the vast majority of single polymer studies
has only focused on chain dynamics using an idealized on/off flow rate conditions or simple
step forcing functions. In many processing applications, polymers experience complex time-
dependent flows such as oscillatory extension for flow through porous media or in wavy-wall
channels [101]. For these reasons, there is a general need to understand the role of transient
oscillatory flows on the dynamics of polymers and to establish a connection between single
polymer dynamics and bulk oscillatory rheometry.
In this chapter, we use a single polymer approach to directly probe the dynamics of DNA
molecules in oscillatory extension using precisely controlled flows. We use single molecule
LAOE to construct molecular stretch-strain rate curves, which are defined as single molecule
Lissajou curves. The shapes of the single molecule Lissajou curves were interpreted in the
context of polymer chain conformation over a wide range of flow strength (Weissenberg
11
number, Wi) and probing frequency (Deborah number, De) [22]. We further characterize
the transient stretch and transient orientation angle for single polymers in LAOE, and these
quantities are analyzed using autocorrelation and cross-correlation functions to probe the
underlying physics. In addition, we study average polymer extension in LAOE, and our
results reveal a critical flow strength Wi0,crit at which a linear to non-linear transition in
stretching behavior is observed. Moreover, we interpret average stretch results using an
analytical model based on a Hookean dumbbell in time-dependent oscillatory extensional
flow. Finally, transient polymer conformations are characterized in the context of the two-
dimensional space defined by Wi and De, which is generally known as Pipkin space [23].
Taken together, these results provide new insights into the dynamics of single polymer chains
in controlled time-dependent flows.
2.2 Materials and methods
Materials. We study the dynamics of double-stranded λ-phage DNA (48.5 kbp, New
England Biolabs) in oscillatory extension. λ-DNA is fluorescently labeled with an interca-
lating dye (YOYO-1, Thermo Fisher, Molecular Probes) with a dye-to-base pair ratio of 1:4
for >1 hour in the dark at room temperature. DNA is labeled in an aqueous buffer contain-
ing 30 mM Tris/Tris-HCl (pH 8.0), 2 mM EDTA, and 5 mM NaCl. Fluorescently labeled
λ-DNA is then added to an imaging buffer containing 30 mM Tris/Tris-HCl (pH 8.0), 2 mM
EDTA, 5 mM NaCl, sucrose (60% w/w), glucose (5 mg/mL), glucose oxidase (0.05 mg/mL),
catalase (0.01 mg/mL), and 4% v/v β-mercaptoethanol. Sucrose is used to increase the
solvent viscosity of the imaging buffer solution to 48.5±1 cP at 22.5 ◦C, which was measured
using cone and plate viscometer (Brookfield). Glucose oxidase/catalase is used as a coupled
enzymatic oxygen scavenging system to suppress photobleaching and photocleaving of fluo-
rescently labeled DNA. The concentration of labeled DNA in the imaging buffer is ∼ 10−5c∗,
where c∗ is the polymer overlap concentration, thereby yielding an ultra-dilute solution in
the absence of polymer-polymer interactions. The contour length of fluorescently labeled
λ-DNA is taken to be 21.5 µm under these conditions.
Optics and Imaging. Imaging is performed using an inverted epifluorescence microscope
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Figure 2.1: Experimental setup for single polymer dynamics in large amplitude oscillatory
extension (LAOE). (a) Schematic of the experimental setup for the LAOE experiment. (b)
Sinusoidal strain rate input function for one full cycle. Inset: schematics showing the oscilla-
tory extensional flow profile in the microfluidic cross-slot during the first half (0 < t < T/2)
and second half period (T/2 < t < T ) of the cycle.
(IX71, Olympus) coupled to an electron-multiplying charge coupled device (EMCCD) camera
(iXon, Andor Technology). Labeled DNA samples are illuminated using a 100 W mercury arc
lamp (USH102D, UShio) directed through a 3% neutral density filter (Olympus), a 482±18
nm band-pass excitation filter (FF01-482/18-25, Semrock), and a 488 nm single-edge dichroic
mirror (Di01-R488-25×36, Semrock). Fluorescence emission is collected by a 1.45 NA, 100×
oil immersion objective lens (UPlanSApo, Olympus), and a 488 nm long pass filter (BLP01-
488R-25, Semrock) is used in the detection path. Finally, images are acquired by an Andor
iXon EMCCD camera (512×512 pixels, 16 µm pixel size) under frame transfer mode at a
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frame rate of 30 Hz.
Microfluidic Devices. Standard techniques in soft lithography are used to fabricate sin-
gle layer microfluidic devices from polydimethylsiloxane (PDMS) with a base-to-crosslinker
ratio of 5:1 [102, 103]. PDMS devices are bonded to a glass coverslip following oxygen
plasma cleaning. The PDMS/glass hybrid microfluidic device is composed of two orthogonal
microfluidic channels to form a cross-slot geometry. The inlet/outlet channels are 10 mm
long, 400 µm wide, and 90 µm in depth, and each channel terminates at an inlet port with
a diameter of 1.6 mm. DNA imaging is performed in the region near the center of the cross-
slot (imaging area approximately 80 µm × 80 µm in size). Pressure driven flow is used to
generate a planar extensional flow in the cross-slot geometry, as described below.
Particle Tracking Velocimetry. The flow field is characterized prior to single polymer
experiments using particle tracking velocimetry (PTV). Using this approach, fluorescent
polystyrene beads (0.84 µm, Spherotech) are added to the imaging buffer and introduced
into microfluidic devices. Imaging for bead tracking is performed using a standard CCD
camera (Grasshopper3, Point Grey, 1920×1200 pixels) with an exposure time of 33 ms.
Particle trajectories are determined using a particle tracker algorithm [104] and ImageJ
software [105]. Using this analysis framework, bead positions are determined (x, y) and
corresponding bead velocities (vx, vy) are calculated. Local analysis is used to determine the
x- and y-direction extensional strain rates (−˙0, ˙0) by least-squares minimization of:vx
vy
 =
−˙0 0
0 ˙0
x− x0
y − y0
 (2.1)
where (x0, y0) are fitting parameters denoting the stagnation point position and an incom-
pressible fluid is assumed. For bead tracking experiments, >5000 data points spanning the
entire image area are analyzed to determine the fluid strain rate ˙0 as a function of the
inlet pressure. In all cases, we find a linear relation between strain rate and input pressure.
This process is repeated by using both the top/bottom channels and left/right channels in
the cross-slot device as inlets in separate experiments, which ensures symmetry in flow cali-
bration for two-dimensional LAOE experiments [22]. Strain rates in the x, y plane are also
determined as a function of the vertical distance (z-position) from the glass coverslip surface
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inside the microfluidic channel, and a parabolic flow profile is observed with respect to the
z-direction, which is consistent with pressure-driven flow of a Newtonian fluid in the gap
between two parallel plates [2].
Large Amplitude Oscillatory Extensional Flow. In order to generate controlled
LAOE flows while simulataneously confining single polymers for long times, we used the
Stokes trap [106], which relies on model predictive control (MPC) to precisely position and
manipulate single or multiple particles in flow. In brief, the center-of-mass position of a
target polymer is determined in real-time using fluorescence imaging and image analysis
software (LabView). This information is then communicated to the controller that rapidly
determines the optimal flow rates within 500 µs. Based on controller output, the LabView
program actuates four independent pressure transducers (Proportion Air) to drive fluid flow
in the cross-slot channel at a target strain rate while confining single polymers near the center
of the cross-slot. The time required for one iteration of the control loop is approximately
30 ms. Further details of the implementation of the Stokes trap for LAOE can be found
elsewhere [22].
A schematic of the experimental setup is shown in Figure 2.1. Imaging buffer with fluores-
cently labeled DNA is introduced into one of the four sample reservoirs, and imaging buffer
without DNA is used in the other three reservoirs. Microfluidic adapters (Elveflow) are
used to connect fluid reservoirs (1.5 mL Eppendorf tubes, Elveflow) to pressure transducers
and the microfluidic flow cell. A custom fitted cooling jacket is connected to a circulating
water bath to precisely control the temperature of the buffer solution. All experiments are
conducted isothermally at 22.5 ◦C.
In this work, a sinusoidal strain rate input is implemented to study polymer dynamics in
oscillatory extensional flow:
˙x(t) = −˙0 sin
(
2pi
T
t
)
(2.2)
˙y(t) = ˙0 sin
(
2pi
T
t
)
(2.3)
where T is the period of the sinusoidal cycle and ˙0 is the maximum strain rate (Figure 1b).
During the first half cycle for 0 < t < T/2, the y-axis is the extensional axis and the x-axis is
the compressional axis (˙x(t) < 0, ˙y(t) > 0). During this phase, fluid is introduced into the
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microfluidic device through ports 1 and 3 via pressure driven flow, such that the pressure
values for ports 1 and 3 are equal (P1 = P3) and are chosen to achieve the desired strain
rate in the channel. During the first half cycle, ports 2 and 4 are pressured to small pressure
values δ2, δ4, wherein the values of δ2 and δ4 are obtained from the feedback controller and are
used to effectively confine the target molecule near the center of the cross-slot. Importantly,
the magnitudes of δ2 and δ4 are much smaller that the pressures applied in ports 1 and 3 to
generate the primary flow (δ2  P1,3 and δ4  P1,3), such that the application of secondary
pressures δ2 and δ4 result in negligible changes to the strain rate ˙0. During the second half
cycle for T/2 < t < T , the y-axis is the compressional axis and x-axis is the extensional
axis (˙x(t) > 0, ˙y(t) < 0). During the second half cycle, the processes essentially reverses
compared to the first half cycle explained above. For all experiments, DNA molecules are
imaged for at least 10T , which corresponds to 10 strain rate cycles. In this work, we focus
only on polymer dynamics at long times in oscillatory extensional flow, considering transient
dynamics only after the initial transients (during start-up) have died out. In this way, we
focus on times t T and t τ , where τ is the polymer longest relaxation time.[22]
The maximum strain rate ˙0 is non-dimensionalized to define a maximum Weissenberg
number Wi0 = ˙0τ , and the cycle period T is non-dimensionalized to obtain a Deborah
number De = τ/T . We measure τ by first stretching DNA molecules in steady extensional
flow at high strain rates Wi 1, followed by cessation of flow. Next, we record the polymer
relaxation trajectory after flow cessation, and the maximum projected polymer extension
l(t) is tracked over time. This process is repeated for an ensemble of polymer chains. A
single exponential decay function is fit to the average maximum fractional extension squared
(〈l(t)〉/L)2 = A exp (−t/τ)+B over the linear elastic regime l/L < 0.3, where L is the contour
length, A and B are fitting parameters, and 〈·〉 corresponds to an average quantity. Using
this approach, we determined a longest polymer relaxation time τ=4.5±0.1 s in 48.5±1 cP
imaging buffer, which is consistent with previous single polymer studies [16–18, 107]. Single
polymer experiments are performed in the range 0 ≤ Wi ≤ 10 and 0 ≤ De ≤ 1 by adjusting
the input pressures and strain rate cycle periods. Moreover, only polymers near the center
plane of the microchannel (with respect to the z-direction) are analyzed. Single polymer
images are analyzed using a custom algorithm [108] that allows for clear visualization of
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polymer conformation and determination of polymer extension and orientation angle.
Particle tracking velocimetry is also used to determine the characteristic response time δt
for actuating fluid flow in response to a sudden pressure change in the microdevice [22]. In
brief, the finite response time arises due to the elasticity of PDMS and flow lines. For the
extreme case of a large step pressure impulse of 1.2 psi (yielding a strain rate increase of
˙ = 1 s−1), we found that δt ≈ 1 s. However, LAOE experiments reported in this work are
performed with continuously varying pressure changes with small incremental changes that
yield much smaller characteristic response times. Nevertheless, we choose cycle time T to
be much larger than the maximum characteristic ‘rise’ time δt corresponding to a large step
input flow rate.
2.3 Brownian Dynamics simulation
We used a coarse-grained bead-spring model to simulate the dynamics of single polymer
chains in LAOE. A detailed description of the model and simulation procedure has been
previously published [14, 109, 110]. In brief, a polymer chain is modeled by a series of beads
or points of hydrodynamic drag connected by entropic springs. The equation of motion
for each bead i in the N -particle system is described by the Langevin equation. Here, we
focus on time scales much longer than the particle momentum relaxation time. Under this
assumption, particle momenta relax much faster than particle configurations such that:
miv˙i = F
B
i + F
d
i + F
s
i + F
EV
i ' 0 (2.4)
where subscript i denotes bead i, mi is the mass of bead i, F
B
i is the Brownian force exerted
on bead i, Fdi is the hydrodynamic drag force on bead i due to its movement in a viscous
solvent, Fsi is the entropic spring force, and F
EV
i is the force due to intramolecular excluded
volume (EV) interactions. Equation 2.4 can be recast into a set of stochastic differential
equations (SDEs) for the positions of beads i = 1 to N :
dri =
(
κ · ri +
N∑
j=1
∂Dij
∂rj
+
N∑
j=1
Dij · Fj
kT
)
dt+
√
2
i∑
j=1
αijdWi (2.5)
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where dWi represents an independent three-dimensional Wiener process [111] whose value is
given by the product of
√
dt and a randomly distributed Gaussian vector ni with zero mean
and unit variance, κ denotes the time-dependent velocity gradient tensor for oscillatory
planar extensional flow:
κ =

−˙0 sin
(
2pi
T˜
t
)
0 0
0 ˙0 sin
(
2pi
T˜
t
)
0
0 0 0
 (2.6)
where T˜ is the dimensionless period. In Equation 2.5, Dij is chosen to be the Rotne-Prager-
Yamakawa (RPY) tensor which is positive semidefinite for all polymer configurations [112].
The RPY tensor Dij is related to the coefficient tensor αij by:
Dij =
N∑
l=1
αil ·αjl (2.7)
Equation 2.5 is non-dimensionalized using characteristic time ts, length ls, and force scales Fs.
Briefly, time is non-dimensionalized by the longest relaxation time of a Hookean dumbbell
ts = ζ/4Hs, where ζ is the hydrodynamic drag coefficient on a bead and Hs is the entropic
spring constant for a Hookean spring given by Hs = 3kT/Nk,sb
2
k [113]. The Kuhn step size
is denoted as bk, the number of Kuhn steps per entropic spring is Nk,s, and thermal energy
is kT . The characteristic length scale ls =
√
kT/Hs is chosen to be the average equilibrium
length of a Hookean dumbbell, and the characteristic force is Fs =
√
kTHs. Each entropic
spring represents a sub-portion of the entire polymer chain, such the total number of Kuhn
steps in the polymer is Nk,tot = (N − 1)Nk,s. The internal configuration of bead-spring
polymer chain is described by a series of connector vectors Qi = ri+1 − ri wherein i ranges
from 1 to N − 1. Using this formulation, Equation 2.5 can be recast into dimensionless form
and written in terms of the spring connector vector:
dQi = [Pe(κ ·Qi) +
N∑
j=1
(Di+1,j −Di,j) · (FEj + FEVj )]dt+
√
2
i+1∑
j=1
(αi+1,j −αi,j) · dWj (2.8)
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where 1 ≤ i ≤ N − 1 and FEj is the total entropic spring force exerted on bead j given by:
FEj =

Fs1 if j = 1
Fsj − Fsj−1 if 1 < j < N
−FsN−1 if j = N
(2.9)
The Marko-Siggia or worm-like chain (WLC) spring force [114] is employed for Fsi to model
the entropic force between two adjacent beads and is appropriate for double-stranded DNA:
Fsi =
kT
bk
[
1
2
1
(1− (Q/Q0))2 −
1
2
+
2Q
Q0
]
Qi
Q0
(2.10)
where Q is the scalar magnitude of the connector vector Qi and Q0 is the maximum
extensibility of a spring given by Q0 = Nk,sbk. The bead Pe´clet number is defined as
Pe = ˙0ζ/4Hs, and the dimensionless velocity gradient tensor can be expressed as κ =
sin
(
2pit/T˜
)
(−δm1δn1 + δm2δn2), where δmn is the second order isotropic tensor. The maxi-
mum Weissenberg numberWi0 is given byWi0 = Peτ˜ and the Deborah number isDe = τ˜ /T˜ ,
where τ˜ is the dimensionless longest relaxation time for the bead-spring chain.
For bead-spring chains with intramolecular hydrodynamic interactions (HI) and excluded
volume (EV) interactions, a hydrodynamic interaction parameter h∗ is defined as [111]:
h∗ = a
√
Hs
pikT
(2.11)
where a is the hydrodynamic bead radius in the RPY tensor. Excluded volume interactions
are modeled using a well-behaved generalized function with a narrow Gaussian potential
[109], which is convenient for implementing in BD simulations:
UEVij =
1
2
νkTN2k,s
(
3
4piR2g,sub
)3/2
exp
[
− 3r
2
ij
4R2g,sub
]
(2.12)
where UEVij is the EV potential between beads i and j, ν is the EV parameter, Rg,sub =√
(Nk,sbk)2/6 is the radius of gyration of a sub-section of the chain, rij is the scalar magnitude
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of rij, and rij is the vector between beads i and j defined by rij = rj − ri. Using this
expression, the dimensionless EV force FEVi on bead i in Equation 2.8 is given by [110]:
FEVi = −
N∑
j=1;i 6=j
9
√
3z
2
exp
[
−3r
2
ij
2
]
rij (2.13)
where quantity z is defined in terms of the EV parameter ν given by [111, 115]:
z =
(
1
2pi
)3/2
ν˜N2k,s (2.14)
where ν˜ = ν/l3s is the dimensionless EV parameter [111, 115].
For free-draining bead-spring chains without EV interactions, the hydrodynamic drag on
all beads is constant and the excluded volume force FEVi = 0. In the case of free-draining
chains with no EV, Equation 2.8 reduces to:
dQi = [Pe(κ ·Qi) + 1
4
(FEi+1 − FEi )]dt+
1
2
(dWi+1 − dWi) (2.15)
The SDEs described in Equations 2.8 and 2.15 were solved using an efficient second-order
predictor-corrector algorithm [110, 113, 116]. In this way, the equation of motion is solved
to determine the set of connector vectors Qi as a function of time. Before initiating flow,
all polymer chains in the simulated ensemble were first allowed to equilibrate for 10 τ˜ to
ensure random initial chain conformations. Finally, model parameters were systematically
chosen to match the experimental polymer contour length L and relaxation time τ for λ-
DNA molecule in the 48.5±1 cP imaging buffer. For simulations with HI and EV, we used
the following parameters: number of springs Ns = 9, number of Kuhn steps per spring
Nk,s = 22, Kuhn length bk = 0.106 µm, bead radius a = 0.344 µm, EV parameter ν =
0.0508 µm3, and HI parameter h∗ = 0.196. These parameter values are chosen to be in
accordance with previously published multi-mode bead-spring simulations with HI and EV
that accurately capture the equilibrium and non-equilibrium dynamic behavior of λ-DNA in
flow [109], including steady state fractional extension in shear and extensional flow. We also
verified that these parameter choices faithfully reproduce the experimental longest relaxation
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time τ . The BD simulation gives the dimensionalized longest polymer relaxation time τ =
4.3±0.1 s compared to τ = 4.5±0.1 s from experiments. For the free-draining (FD) bead-
spring model, we chose Ns = 15 and Nk,s = 10. We note that Ns = 15 for free-draining chains
is slightly different than the value used for HI/EV chains, however, we generally found that
small differences in coarse-graining levels for FD chains do not yield significant differences
in dynamics at this level of discretization. For FD simulations, the drag coefficient ζ on
each bead is chosen so that the longest polymer relaxation time from simulations matches
experimental data.
2.4 Steady-state LAOE and single molecule Lissajous curves
Using a combination of single molecule experiments and BD simulations, we directly ob-
serve the dynamics of single polymers in steady-state LAOE as a function of the flow strength
and cycle frequency. The Weissenberg number Wi0 = ˙0τ is the maximum dimensionless
flow strength during one input cycle, defined as the ratio of the longest polymer relaxation
time τ to the maximum characteristic fluid time scale ˙−10 . The Deborah number De = τ/T
is defined as the ratio of the longest polymer relaxation time τ to the characteristic cycle
time scale T . In this work, we only consider steady-state LAOE, which refers to single chain
dynamics after the initial transient phase of flow dynamics corresponding to the onset of
oscillatory flow. In this way, we discard the polymer response during the start-up period of
LAOE [117], essentially focusing on times t T and t τ . Compared to simple shear flow
or linear mixed flows, steady extensional flow is considered to be a strong flow with zero
rotational character, which is highly efficient in unravelling and aligning polymer molecules
[9]. From this view, LAOE is transient flow type that is intrinsically strong and capable of
high degrees of polymer stretching, yet will generally yield no long time stable steady state in
polymer extension. Hence, it is important to note that steady-state LAOE is defined in terms
of characteristic time scales, rather than the conventional definition of steady-state polymer
chain extension or saturation in flow birefringence over long times in steady extensional flows
[118].
Single molecule experimental LAOE trajectories are shown in Figure 2.2a, where polymer
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fractional extension l/L is plotted over 5 units of polymer longest relaxation time τ at
Wi0 = 6.5 and De = 0.45. Here, we define fractional extension l/L as the maximum
projected extension l of a single polymer along any direction in the x-y plane relative to the
polymer contour length L. At Wi0 = 6.5, the maximum flow strength far exceeds the critical
Wi at the coil-stretch transition in steady extensional flows [16, 119], thereby resulting in
high degrees of deformation and a strong nonlinear response. Interestingly, the maximum
projected extension l/L ≈ 0.6, which is less than the value expected for steady extensional
flows (De = 0) at Wi = 6.5 [16]. This observation suggests that the probing frequency De
plays a significant role on polymer dynamics in LAOE, even for De < 1, wherein the polymer
chain might be expected to have sufficient time to respond to flow deformation because the
cycle time T is longer than the polymer relaxation time τ for these conditions (T > τ
for De < 1). Experimental results show good agreement with predictions from free-draining
(FD) multi-mode BD simulations and BD simulations with HI/EV interactions (Figure 2.2b).
The FD simulation results slightly overpredict the maximum polymer extension at the peaks
and slightly underpredict at the valleys, while simulations with HI and EV interactions
capture the dynamics nearly quantitatively.
LAOE experiments reveal marked heterogeneity in polymer fractional extension upon
stretching in both the x- and y-directions, which is also captured by the simulations. We
identified four distinct molecular conformations for polymer stretching in LAOE: dumbbells,
half-dumbbells, folds, and kinks. In particular, polymer molecules adopting a dumbbell, half-
dumbbell, or kinked configuration stretch more rapidly than average and achieve extensions
that generally exceed the average fractional extension. On the other hand, polymer molecules
with folded conformations are internally constrained and stretch slower than average and
generally achieve lower degrees of fractional extension. The probability of occurrence of
distinct polymer conformations is shown in Figure 2.2c for a series of half cycles at Wi0 =
6.5 and De = 0.45. These results show that approximately half of the molecules are in
configurations exhibiting fast stretching dynamics (kinked, dumbbell, half-dumbbell) while
the other half are folded conformations with slow dynamics. Of course, these results will
quantitatively depend on Wi0 and De, but generally speaking, these conformations are fairly
consistent across the regime of high flow rates Wi0 > 1 and long cycle times De < 1, such
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Figure 2.2: Single polymer dynamics in LAOE from experiments and simulations. (a)
Experimental trajectories of maximum projected polymer fractional extension l/L over the
x-y plane for an ensemble of > 30 individual molecules (black) overplotted with single
polymer trajectories (grey) at Wi0 = 6.5 and De = 0.45. (b) Maximum projected polymer
fractional extension l/L from free-draining BD simulations at Wi0 = 6.5 and De = 0.45 for
an ensemble average over 250 molecules (black) overplotted with single polymer trajectories
(grey). Also shown is the ensemble average fractional extension l/L from BD simulations
with HI and EV (dashed blue line). (c) Probability distribution of four experimentally
observed molecular configurations (folded, kinked, dumbbell, and half-dumbbell) in LAOE
at Wi0 = 6.5 and De = 0.45. (d) Power spectral density of polymer extension l from
experiments and simulations at Wi0 = 6.5 and De = 0.45.
23
that the flow will induce high degrees of polymer stretch and the cycle times are long enough
for the polymer to respond during one cycle. Interestingly, the molecular conformations
observed in LAOE are similar to those observed in steady extensional flow [16, 17], however,
their relative proportions and dynamic transitions between conformations in transient LAOE
are quite different compared to steady extension and are unique to this flow type.
The characteristic periodic cycle of polymer motion was further characterized by the power
spectral density (PSD) of projected chain extension l(t). The PSD is defined as:
P (f) =
∫ ∞
−∞
C(λ)l,le
−2ipifλdλ (2.16)
where f is the frequency, i =
√−1, and C(λ)l,l is the autocorrelation function of l(t) defined
as:
C(λ)l,l = 〈l(t)l(t+ λ)〉 (2.17)
where t denotes time, λ is the offset time, and 〈·〉 corresponds a time-averaged quantity [120].
The PSD is non-dimensionalized by L2τ , where L is the polymer contour length and τ is the
longest relaxation time. As shown in Figure 2.2d, we find good agreement between the PSD
of fractional extension from experiments and simulations. Distinct peaks are observed for
both PSDs at a dimensionless frequency of fT = 2, which indicates that the autocorrelation
of the polymer fractional extension exhibits a peak at half the sinusoidal strain rate cycle
period. In other words, under these flow conditions (Wi0 = 6.5 and De = 0.45), polymer
chains reach the maximum stretch twice during one strain rate input cycle.
To further understand transient polymer dynamics in LAOE, we examined a series of single
polymer snapshots over the course of one strain rate input cycle at Wi0 = 6.5 and De = 0.45
(Figure 2.3a). These images show that the maximum extension occurs along both the y-axis
and x-axis during one cycle period, because these axes switch roles as the extensional and
compressional axes exactly once per one LAOE period. To further quantify LAOE dynamics,
we construct single polymer Lissajous curves in LAOE (Figure 2.3b), which are defined as
a plot of the average periodic fractional extension l/L at steady state as a function of the
transient Wiy(t) in the y-direction, such that Wiy(t) = ˙y(t)τ . For reference, the strain rate
input Wiy(t) is also plotted in Figure 2.3c as a function of time t, where the experimental
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Figure 2.3: Single polymer LAOE at Wi0 = 6.5 and De = 0.45. (a) A series of single
polymer snapshots is used to characterize polymer motion during one sinusoidal strain rate
input cycle. The time between each snapshot is 1 s. (b) Experimental single polymer
Lissajous plot showing the average projected fractional extension l/L as a function of Wiy(t)
at Wi0 = 6.5 and De = 0.45. The color scale denotes the rate of change of the strain rate
input function dWiy/dt. (c) Experimental strain rate input function with period T = 10 s.
strain rate input period T=10 s. For reference, the labels on the single molecule snapshots
(i-xi) in Figure 2.3a correspond to the labels in Figures 2.3b,c.
It is instructive to examine polymer chain dynamics over one full cycle in LAOE (Figure
2.3). The cycle begins when a polymer chain starts from a stretched state i along the x-
axis with l/L ≈ 0.45 at t=0 s. Next, Wiy(t) begins to increase, and the polymer chain is
compressed along the x-axis while rotating towards the y-axis, which is the new extensional
axis, as shown in state ii. As Wiy(t) continues to increase in magnitude, the polymer chain
is quickly compressed into a compact conformation (state iii) before being aligned along the
extensional axis (state iv). After the quarter cycle at t=2.5 s, the strain rate Wiy(t) begins
to decrease, however, the polymer chain continues to be stretched along the y-axis into state
v. After t=4 s, the chain length saturates (or slightly decreases) due to the reduction in
Wiy(t). After t=5 s, the polymer follows a similar dynamic pathway entering the second
half period of the strain rate input, and the cycle repeats in the opposite direction as the
roles of the extensional and compressional axes are switched. Of course, the full cycle repeats
when a new strain rate input period starts, and state xii at the end of one cycle corresponds
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to the first compressed polymer conformation during the next deformation cycle (state ii).
We further investigated how the shapes of the Lissajous curves vary as a function of
the flow strength Wi0 and the cycle frequency De using experiments and BD simulations
(Figures 2.4a-c). Here, we maintained the flow strength at Wi0 ≈ 5 and changed the
probing frequency from De = 0.1 to De = 0.45. We found that single polymer Lissajous
curves open up from an ‘arch’ shape at De = 0.45 and Wi0 = 6.5 (Figure 2.4c), to a
‘bow tie’ shape at De = 0.25 and Wi0 = 5 (Figure 2.4b), and finally to a ‘butterfly’
shape at De = 0.1 and Wi0 = 5 (Figure 2.4a). We distinguish the bow tie shape from
the butterfly shape by examining the line tangent to the Lissajous curve, noting that the
butterfly shape exhibits a sharp corner or ‘cusp’ at the extreme values of Wi. In general,
we observe good agreement between BD simulations and experiments across a wide range
of flow strengths Wi0 and cycle frequencies De. Interestingly, the free-draining simulations
appear to capture the experimental dynamics more quantitatively at lower frequencies De
(corresponding to longer cycle times T ). At high frequency (De = 0.45, Figure 2.4c), the
principal axes of extension/compression switch more rapidly relative the polymer relaxation
time, which results in polymer chains residing in more compact intermediate states across the
cycle period. These dynamics appear to be better captured by BD simulations with HI/EV,
which is consistent with the dominant role of intramolecular hydrodynamic interactions and
excluded volume interactions for a more compact polymer chain. On the other hand, at
relatively low probing frequency (De = 0.1, Figure 2.4a), the polymer has more time to
respond to fluid deformation in a cycle period and remains in highly extended states for
longer periods of time during each cycle, which appears to be well modeled by free-draining
BD simulations. It is worth mentioning that the HI and EV parameters for the HI/EV
BD simulation are fit to match near-equilibrium parameters (longest relaxation time and
center-of-mass diffusivity) [109, 110], which may partially explain the better agreement of
the HI/EV model at high frequency De. Nevertheless, from a broad perspective, both models
(FD and HI/EV) sufficiently capture the dynamics in LAOE and any differences are fairly
minor.
We further determined the polymer contribution to the total stress τ p from BD simulations
using the Kramers expression [3]. For bead-spring polymer models with intramolecular HI
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Figure 2.4: Single polymer Lissajous curves from experiments, BD simulations with hydro-
dynamic interactions (HI) and excluded volume (EV) interactions, and free-draining (FD)
BD simulations at (a) De = 0.1 and Wi0 = 5, (b) De = 0.25 and Wi0 = 5, and (c) De = 0.45
and Wi0 = 6.5. Polymer contribution to the total stress along the yy direction calculated
from Kramers expression at (d) De = 0.1 and Wi0 = 5, (e) De = 0.25 and Wi0 = 5, and (f)
De = 0.45 and Wi0 = 6.5. Polymer contribution to the total stress along the xx direction
calculated from Kramers expression at (g) De = 0.1 and Wi0 = 5, (h) De = 0.25 and
Wi0 = 5, and (i) De = 0.45 and Wi0 = 6.5.
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and EV interactions, the polymer contribution to the total stress tensor τ p is defined as [3]:
τ p
nkT
=
Ns∑
k=1
〈QkFsk〉 −
N∑
j=1
Ns∑
k=1
Bjk〈QkFEVj 〉 −Nsδ (2.18)
where the quantity nkT is used to render τ p dimensionless. Here, n denotes the number
density of the polymer chains in the ensemble and Bjk is a matrix defined as:
Bjk =

k
N
if k < j
−(1− k
N
) if k ≥ j
(2.19)
The polymer contribution to the total stress along the y-direction τ pyy is shown in Figures
2.4d-f, and the polymer contribution to the stress in the x-direction τ pxx is shown in Figures
2.4g-i. During the first half of the LAOE cycle withWiy(t) > 0, the change of τ
p
yy with respect
to flow strength is in accordance with the change in polymer projected extension such that
the polymer is highly stretched along the y-direction (τ pyy  0) and not appreciably stretched
along the x-direction (τ pxx ≈ 0). Entering the second half of the LAOE cycle with Wiy(t) < 0,
the polymer begins to stretch along the x-direction, such that τ pyy gradually decreases to zero
and τ pxx increases to large values, which essentially follows the opposite path compared to the
first half-cycle. The peak values in the polymer contribution to the total stress τ pyy and τ
p
xx
show that the polymer contributes most to the total stress at the maximum chain extension
during each LAOE half-cycle.
We further explored LAOE dynamics over a broad range of Wi and De known as Pipkin
space (Figure 2.5). In bulk rheology, Pipkin space generally refers to the two-dimensional
space recovered by plotting the transient stress-strain (or stress-strain rate) response of a
material as a series of curves as functions of flow rate Wi and probing frequency De [121].
Here, we construct a series of single molecule Lissajous curves for LAOE in Pipkin space
(Figure 2.5), wherein sub-plots show average fractional chain extension l/L versus flow rate
Wiy(t) across a broad range of parameters Wi0 and De. For simplicity, we only consider
free-draining BD simulations for exploring Pipkin space, given that HI/EV was shown to
have a fairly minor effect on dynamics across a limited range of Wi and De (Figure 2.4a-c).
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Figure 2.5: Single polymer Lissajous curves showing sub-plots of average transient frac-
tional extension l/L as a function of the transient flow strength Wiy(t). Individual Lissajous
curves are plotted over the two-dimensional Pipkin space as functions of the maximum flow
strength Wi0 and probing frequency De. Results are shown from free-draining BD simula-
tions. The grey region represents ‘line’ shapes, the blue region represents ‘arch’ shapes, the
orange region represents ‘bow tie’ shapes, and the red region represents ‘butterfly’ shapes.
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Moreover, we emphasize the single molecule nature of these experiments and simulations by
plotting Lissajous curves as fractional extension l/L rather than polymer stress, however,
one could construct equivalent curves based on polymer contribution to stress (τ pyy or τ
p
xx) if
so desired.
As shown in Figure 2.5, the horizontal axis De denotes the probing frequency ranging from
De=0.1 to De=2. At low frequencies De < 1, the characteristic cycle time is longer than the
polymer relaxation time, whereas at high frequencies De > 1, the characteristic cycle time is
shorter than the polymer relaxation time. Interestingly, we found that the Lissajous curves
in this parameter regime can be categorized into four general shapes: a ‘line’, an ‘arch’,
a ‘bow tie’, and a ‘butterfly’. We note that the butterfly, bow tie, and arch shapes were
observed in single polymer experiments (Figures 2.4a-c, respectively). Using this scheme,
a line is observed at high De across a wide range of Wi0 (e.g. at De = 2 for Wi0 ≤ 20
and at De = 1 for Wi0 ≤ 10). A line shape opens up to an arch upon increasing the flow
strength or decreasing the probing frequency (e.g. at De = 1 for Wi0 = 10 − 20). For the
arch classification, the maximum projected extension generally does not exceed l/L ≈ 0.6.
Upon further decreasing the probing frequency De, an arch opens up to a bow tie (e.g. at
De = 0.45 for Wi0 = 10 − 15). For the bow tie classification, the maximum projected
extension is larger compared to the arch shape, but it generally does not exceed l/L ≈ 0.8
during a cycle. Finally, a bow tie transforms to a butterfly at lower frequencies or higher
flow strengths (e.g. at De = 0.25 for Wi0 > 10). For the butterfly conformation, polymers
are highly stretched in each cycle such that l/L > 0.8. Finally, at ultra-low frequencies
De ≤ 0.1, all Lissajous curves are butterflies within the range of Wi0 shown in Figure 2.5.
Our results clearly show that LAOE gives rise to complex dynamics, and these results
are highly dependent upon the flow stength and cycle period. We further sought to un-
derstand whether chain dynamics can be understood by considering the rate of change of
strain rate dWiy/dt and the accumulated fluid strain during a cycle (t). In this way, we
define three stages for each half-cycle (0 < t < T/2): an early stage (or compression stage),
an intermediate stage (or extension stage), and a late stage (or retraction stage). As an
illustrative example, we analyzed chain dynamics over the half cycle 0 < t < T/2 for the
case of Wi0 = 6.5 and De = 0.45 (Figure 2.3). At the onset of a half cycle (time t = 0
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in Figure 2.3c), polymer chains are stretched in the x-direction. During the early stage in
the half cycle, chains begin to become compressed in the x-direction and eventually rotate
towards the y-axis, because the y-axis becomes the extensional axis such that Wiy > 0 for
0 < t < T/2. We define the early ‘compression’ stage in the half cycle as beginning at
the cross point in the Lissajous curve (Wiy(t) = 0) and ending at the minimum point in
l/L on the Lissajous curve. During the intermediate stage of the half cycle, polymer chains
are oriented and stretched along the y-axis, which is principal axis of extension. Here, we
define the intermediate ‘extension’ stage of the half cycle from the minimum point to the
maximum point in polymer stretch on the Lissajous curve. Finally, during the late stage of
the half cycle, polymer chains are still stretched along the y-axis, but the strain rate Wiy(t)
decreases towards zero with a large rate of change dWiy/dt, thereby resulting in chain re-
traction along the y-direction. From this view, we define the final ‘retraction’ stage of the
half cycle as beginning at the maximum point in l/L and ending at the cross point on the
Lissajous curve.
Using this framework, we quantified transitions between different qualitative shapes in
Lissajous plots by decomposing the total accumulated fluid strain during a half cycle T/2
into three components:
T/2 = 1(Wi0, De) + 2(Wi0, De) + 3(Wi0, De) (2.20)
where 1, 2, and 3 correspond to the fluid strain accumulated during the early (compression),
intermediate (extension), and late (retraction) stages of a half cycle. In general, the strain
during any of the three stages is determined by:
(Wi0, De) =
∫ t2
t1
˙(t′;Wi0, De)dt′ (2.21)
where the limits of integration t1 and t2 are defined by the initial and final points of the
early, intermediate, and late stages of the cycle as previously described. Of course, the total
accumulated strain during a half cycle T/2 is constant such that T/2 = Wi0/piDe, and the
total strain during a full cycle is zero (T = 0).
Figure 2.6 plots the accumulated fluid strain during the early (Figure 2.6a), intermediate
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Figure 2.6: Quantitative analysis of accumulated fluid strain during the early (compres-
sion), intermediate (extension), and late (retraction) stages of a half cycle in LAOE. (a)
Fraction of fluid strain accumulated during the early stage of a half sinusoidal cycle 1/T/2.
Here, the strain during the early stage 1 is plotted relative to the total strain during a half
cycle T/2. (b) Fraction of fluid strain accumulated during the intermediate stage of a half
sinusoidal cycle 2/T/2. (c) Fraction of fluid strain accumulated during the late stage of a
half sinusoidal cycle 3/T/2.
(Figure 2.6b), and late stages (Figure 2.6c) of a half-cycle as functions of Wi0 and De.
Importantly, the accumulated fluid strains can be used interpret the shapes of the single
molecule Lissajous curves shown in Figure 2.5. To begin, consider a line shape Lissajous
curve observed at Wi0 = 10 and De = 2. Here, polymer chains experience only small
deformations during the cycle. For this case, nearly half of the fluid strain is applied in
the early and intermediate stages 1/T/2 ≈ 2/T/2 ≈ 0.5, but essentially zero strain is
applied during the late stage such that 3/T/2 ≈ 0. Upon transitioning from a line to an
arch (upon decreasing De), the value of 1/T/2 begins to decrease, however, the ‘retraction’
strain 3/T/2 ≈ 0 remains small. For a line or a slightly perturbed arch shape, polymers
experience only small deformations and essentially respond as linear elastic objects. We can
further consider the transition from an arch to a bow tie shape, for example upon decreasing
the frequency to De = 0.45 at Wi0=10. Here, the value of 1/T/2 decreases further whereas
3/T/2 begins to increase as De decreases. From a physical perspective, as De decreases, less
fluid strain is required in the early stage to compress polymer chains because polymers are
(on average) stretched to larger extensions with an associated larger stored elastic energy.
Therefore, as De decreases, the nonlinear elasticity acts in concert with fluid compression
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during the early stage, thereby resulting in smaller values of 1/T/2.
When a bow tie transitions to a butterfly shape, for example upon decreasing the frequency
to De = 0.1 at Wi0=10, the amount of compressional strain 1/T/2 in the early stage
decreases significantly, whereas the amount of retraction strain 3/T/2 in the late stage
significantly increases. In the low frequency limit, the value of 1/T/2 tends to zero and
3/T/2 approaches ≈ 0.5. From this perspective, the process has essentially completely
shifted from the majority of the strain being applied in the early stage (compressional stage)
for line shapes to the late stage (retraction stage) for butterfly shapes of the half-cycle period.
At the single chain level, an increase in 3/T/2 implies that increasingly larger amounts of
strain are required in the late stage to result in chain retraction from the maximum value of
l/L to the end of the cycle at t = T (Wiy = 0). During this phase, polymer chains retract
in the opposite direction as the fluid deformation, thereby leading to viscous dissipation into
the surrounding solvent.
Using this approach, we qualitatively describe the dynamic behavior of single polymers
under LAOE in Pipkin space by classifying different characteristic shapes of Lissajous curves.
We further quantitatively characterize the fraction of fluid strain accumulated during the
early, intermediate, and late stages of the half cycle of periodic motion in LAOE. Overall, our
results are consistent with the notion that polymers behave as linear elastic materials under
high probing frequency De (at relatively low flow strength Wi0), whereas more complex
viscoelastic behavior emerges upon decreasing De (at constant Wi0) or increasing Wi0 (at
constant De).
2.5 Transient and average unsteady dynamics in LAOE
Transient dynamics in LAOE. As shown in Figure 2.7, single chain dynamics are
observed and analyzed in the x, y plane, wherein the x and y directions continuously switch
roles as the extensional and compressional axes in the oscillatory flow field, as defined by
Equations 2.2 and 2.3. Single molecule images are analyzed using the quantities defined
in Figure 2.7a, and individual polymer backbones are tracked using custom image analysis
code (Materials and methods). Using this approach, we directly determine the maximum
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Figure 2.7: Single polymer dynamics in large amplitude oscillatory extension (LAOE).
(a) The total extension in the x-y plane is l, the x-direction projected extension is lx, the
y-direction projected extension is ly, and the orientation angle is φ. (b) Snapshots of a single
DNA molecule over one LAOE cycle (scale bar = 5 µm). (c) Experimental trajectories
of fractional projected extension l/L at Wi0 = 4.3 and De = 0.45. Here, 34 individual
experimental trajectories (grey) are used to calculate the ensemble average extension l/L
(black). (d) Experimental trajectories of x-direction fractional projected extension lx/L (red)
and y-direction fractional projected extension ly/l (blue). (f) Experimental trajectories of
polymer orientation angle φ. Here, 34 individual experimental trajectories (grey) are used to
calculate the ensemble average angle φ (black). (f)-(h) Results from BD simulations showing
l/L, lx/L, ly/L, and φ corresponding to the experimental data in parts (c)-(e), respectively.
For BD simulations, 250 polymer chains are included in the ensemble.
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(total) polymer extension in the x-y plane l, the x-direction projected extension lx, and the
y-direction projected extension ly. These quantities can be converted to fractional extension
by normalizing with the polymer contour length L. The orientation angle φ is defined as
φ = tan−1(ly/lx), and for the purposes of this analysis, the directionality of lx and ly are not
taken into consideration such that the value of φ ranges from 0 to pi/2.
Representative images of single polymers in a full LAOE cycle at Wi0 = 4.3 and De = 0.45
are shown as a series of single molecule snapshots in Figure 2.7b. Under these conditions,
the flow strength Wi0 > 1, which suggests that polymers should be stretched to high degrees
of extension, at least in the context of steady extensional flow at De = 0. However, for these
conditions, the cycle time is approximately twice the longest polymer relaxation time (De =
0.45), which means that the transient polymer extension will be a competition between
the rate of stretching and duration of each cycle. Indeed, we observe that single polymers
indeed stretch beyond equilibrium coil dimensions at Wi0 = 4.3 and De = 0.45, however,
the maximum stretch in LAOE (lmax/L ≈ 0.3) appears to be less than that observed under
steady extensional flow at Wi0 = 4.3 and De = 0 (lmax/L ≈ 0.8, as reported in Figure 2.10
and in prior work [16]). The interplay between Wi and De in determining chain dynamics
is explored in more detail throughout this article, though to begin this discussion, it is
instructive to consider transient polymer dynamics during a characteristic LAOE cycle.
Snapshots of a single polymer undergoing one complete LAOE cycle are shown in Figure
2.7b, and the corresponding ensemble average transient polymer stretch (l(t)/L, lx(t)/L,
ly(t)/L) and the transient orientation angle φ(t) at Wi0 = 4.3 and De = 0.45 are shown in
Figures 2.7c-e. Here, the polymer is exposed to a transient cycle of LAOE defined by strain
rates shown in Figure 2.1b. Based on these data, we can describe the dynamic behavior
of a single polymer chain in steady LAOE by a characteristic periodic cycle. At the start
of the cycle at t = 0T , a polymer chain begins in a non-equilibrium stretched state in the
x-direction because the x-axis served as the prior extensional axis for t− < 0. At time t = 0,
peaks are observed for both l and lx, and valleys are seen for the ly trajectory and the φ
trajectory. Intuitively, as the majority of the polymer stretch appears in the x-direction,
the y-direction stretch ly is essentially zero. Next, in the first quarter of the LAOE cycle
(0T < t < 0.25T ), the y-axis is the extensional axis and the x-axis is the compressional axis.
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The strain rate in the y-direction increases, which results in the polymer chain compressing
in the x-direction while rotating toward the y-direction. At the same time, the polymer
begins to stretch along the y-axis, which is reflected in an increase in the values of ly and φ
with a corresponding decrease in lx.
In the second quarter of the LAOE cycle (0.25T < t < 0.5T ), the y-axis remains as
the extensional axis, but the strain rate in the y-direction begins to decrease. Passing the
maximum strain rate value ˙y at t = 0.25T , the polymer chain continues to be stretched along
the y-direction, albeit with a small amount of retraction. Hence, at t = 0.5T , the maximum
polymer stretch occurs along the y-axis with essentially no stretch at the x-direction. The
orientation angle φ continues to increase from approximately pi/5 to a peak close to pi/2. In
the third quarter of the cycle (0.5T < t < 0.75T ), the flow switches direction such that the
x-axis is the new extensional axis and the y-axis is the new compressional axis. The dynamic
cycle essentially follows the reverse process described in the first half cycle, albeit with the
roles of the x- and y-directions switched. At t = 0.5T , the polymer chain is stretched along
the y-axis, but at the cycle proceeds, the polymer begins to compress along the y-direction
and rotates toward the x-axis. The cycle proceeds for the final quarter (0.75T < t < T )
until the end of cycle at t = T , where polymer chain is again stretched along the x-axis, and
the cycle begins anew.
To complement single molecule experiments, we also studied the dynamics of single poly-
mers in LAOE using free-draining Brownian dynamics simulations. Simulation results for
transient trajectories of l(t)/L, lx(t)/L, ly(t)/L and the transient orientation angle φ(t) at
Wi0 = 4.2 and De = 0.45 are shown in Figures 2.7f-h. Overall, we observe good agreement
between the experiments and simulation trajectories for transient polymer dynamics under
these conditions. In prior work, we also investiagated the role of intramolecular hydrody-
namic interactions (HI) and excluded volume (EV) interactions in describing the dynamics
of λ-DNA in LAOE in the range 0 ≤ Wi0 ≤ 10 and 0 ≤ De ≤ 2 [22]. In general, we found
that inclusion of HI and EV into the BD simulations results in fairly minor differences in
describing chain dynamics compared to free-draining simulations. Moreover, the role of HI
and EV lessens even further at low De, wherein polymer chains are able to unravel to high
extensions during a cycle and intramolecular interactions are relatively weak [22]. For these
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reasons, we focus our attention on free-draining BD simulations in this work.
As shown in Figure 2.7, the dynamic trajectories of l, lx, ly and φ show high degrees
of periodicity. We further investigated the periodic cycle of polymer motion by examining
the power spectral density (PSD) of the x-y plane extension l and the orientation angle
φ (Figure 2.8). By observing the power of a fluctuating signal in frequency space, the
underlying time and frequency dependencies can be conveniently characterized. The PSD
is defined as the Fourier transform of the autocorrelation function of a quantity (or cross-
correlation of two quantities) [13–15, 19, 100, 120, 122]. The autocorrelation function of a
real-valued, integrable fluctuating quantity x(t) is defined as:
Cx,x(λ) = 〈x(t)x(t+ λ)〉 (2.22)
where t denotes time, λ is the offset time and 〈·〉 denotes a time-averaged quantity. The
PSD of x(t) is given by:
P (f) =
∫ ∞
−∞
C(λ)x,xe
−2ipifλdλ (2.23)
where P is power, f is frequency, and i is the imaginary unit. Here, the data is multiplied by a
Welch window before computing the Fourier transform using a fast Fourier transform (FFT)
algorithm [120]. For both experiments and simulations, the PSD of the projected extension
l is non-dimensionalized by the quantity L2τ , where L is the contour length and τ is the
longest polymer relaxation time. The PSD for the orientation angle φ is non-dimensionalized
by τ , and frequency is non-dimensionalized by the cycle period time T .
PSDs of polymer extension l and orientation angle φ from experiments and simulations are
shown in Figure 2.8, where the data correspond to two different Wi0 (at constant De) and
two different De (at constant Wi0). From a broad perspective, we observe good agreement
for PSDs between experiments and simulations. For PSDs of polymer extension l (Figures
2.8a,c,e), distinct peaks are observed at fT = 2 which corresponds to a frequency equal
to the inverse half cycle time (T/2)−1. These data indicate that polymer chains reach
their maximum extension in the x-y plane exactly twice in one LAOE cycle, which includes
polymer chain stretching along the x-axis and y-axis in the cycle discussed above. We
observe this characteristic periodicity across a wide range of flow strength Wi0 and probing
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Figure 2.8: Power spectral densities (PSDs) of transient quantities in oscillatory extension
from both experiments and simulations. (a), (c), and (e) show PSDs for polymer extension
l in the x-y plane at different combinations of Wi0 and De. (b), (d), and (f) show PSDs of
polymer orientation angle φ in LAOE at different combinations of Wi0 and De.
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Figure 2.9: Cross-correlations of x-direction projected extension lx and y-direction pro-
jected extension ly from single polymer LAOE experiments at: (a) Wi0 = 1.6 and De = 0.45,
(b) Wi0 = 4.3 and De = 0.45, (c) Wi0 = 6.5 and De = 0.45, (d) Wi0 = 4.3 and De = 0.1.
frequency De. Figures 2.8b,d,f show the PSDs of the orientation angle φ from experiments
and simulations. In terms of orientation angle, peaks in the PSD are observed at fT = 1,
which corresponds to a frequency equal to the inverse cycle time T−1. PSDs of φ imply that
polymer chains can fully rotate exactly once within one LAOE cycle from φ = 0 to φ = pi/2
and back to φ = 0 again, at least across the range of Wi0 and De considered in these data.
Interestingly, these results show that the characteristic periodic dynamics of polymers in
LAOE can emerge even under relatively weak flow strength (Wi0 = 1.6), though the precise
dynamics will depend on the specific values of Wi0 and De.
To further understand the coupled dynamics between lx and ly in the x-y plane, we de-
termined the cross-correlation function for fluctuations in the projected extensions lx and
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ly (Figure 2.9). Here, we define fluctuations in the projected extensions as the mean value
subtracted from the instantaneous value such that: l′x(t) = lx(t)−〈lx〉 and l′y(t) = ly(t)−〈ly〉,
where 〈·〉 denotes a time-averaged quantity. The cross-correlation function Cl′x,l′y is given by:
Cl′x,l′y(λ) =
〈l′x(t)l′y(t+ λ)〉√
〈l′2x (t)〉〈l′2y (t)〉
≡
∫∞
−∞ l
′
x(t)l
′
y(t+ λ)dt
〈l′x(t)〉〈l′y(t)〉
(2.24)
where the function Cl′x,l′y is normalized by the product of the mean squared fluctutations
in extension in the x and y directions. The cycle period T is used to non-dimensionalize
the offset time λ. Using this approach, we observe that all cross-correlations defined by
Cl′x,l′y are symmetric with respect to λ = 0. Moreover, the cross-correlation analysis reveals
that the fluctuations in polymer stretch in the x and y directions are esssentially perfectly
anti-correlated. At zero lag (λ = 0T ), the quantities l′x and l
′
y are negatively correlated,
suggesting that peaks in lx correspond to valleys in ly, which is consistent with the general
behavior shown in Figure 2.7. As the lag increases to λ = T/4, zero correlation is observed
between l′x and l
′
y, which suggests that polymer stretch in the x and y directions becomes
completely uncorrelated in one quarter cycle time (T/4) relative to zero lag. In fact, for
any (λ/T )n = ±
(
n
2
+ 1
4
)
, n ∈ Z, zero correlation is observed, which reflects the underlying
periodic nature of the LAOE flow. As the lag further increases to λ = T/2, the quantities l′x
and l′y are perfectly correlated, which is again consistent with the dynamic behavior shown in
Figures 2.7d,g. In order to interpret the cross-correlation function, consider the behavior on
either side of zero lag. Moving forward in lag from from λ = 0 to λ = T/4, the correlation is
negative, suggesting that future positive fluctuations in y-direction extension are correlated
with negative fluctuations in the x-direction extension. For example, stretching along the y-
axis implies that the polymer chain compresses along the x-axis. Alternatively, this behavior
similarly implies that future negative fluctuations in y-direction extension are correlated with
positive fluctuations in the x-direction extension. For negative time lags, similar arguments
can be made, for example prior negative fluctuations in ly give rise to stretching in the
x-direction. Taken together, this dynamic behavior is consistent with a time-dependent
oscillatory process as shown in Figure 2.7.
Average transient extension in LAOE. In addition to transient dynamics, we also
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Figure 2.10: Average fractional projected extension 〈l〉/L as a function of Wi0 and De,
including steady extensional flow (De = 0) and periodic extensional flow (De > 0). Experi-
mental results are compared to BD simulations of λ-DNA.
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studied the average polymer extension in oscillatory extensional flow (Figure 2.10). Unlike
steady extensional flow (De = 0), polymer chains do not exhibit a stable steady-state ex-
tension in LAOE. Rather, the long time dynamics exhibit a periodic transient motion of
unsteady polymer stretching. Nevertheless, we can determine the average polymer extension
in the x-y plane 〈l〉 by averaging transient polymer extension l(t) trajectories over long times
in experiments or simulations [19]. As noted earlier, in this work we only consider dynamic
behavior after the initial start-up phase of LAOE (t  τ and t  T ), and therefore we
only consider the dynamic behavior after the initial transients have died out. The average
fractional steady-state extension 〈l〉/L as a function of Wi0 and De is shown in Figure 2.10.
For experimental data, >30 individual DNA molecules are analyzed at each Wi0 and De.
In all cases, single polymers are confined near the stagnation point using the Stokes trap in
order to achieve arbitrarily long residence times.
We began the experiment by studying dynamics in steady extensional flow, which corre-
sponds to De = 0 in Figure 2.10. Our experimental and simulation results agree well with
previously reported data on steady-state extension of λ-DNA in steady planar extensional
flow [16, 109]. We next studied average polymer extension in oscillatory extension by in-
creasing the frequency to De = 0.1. In the limit of small 0 < De < 1, the dynamic behavior
of polymers can be referred to as quasi-steady. Under quasi-steady-state conditions, the
oscillatory period T is larger than the longest relaxation time τ such that De = τ/T < 1,
which means that a polymer generally has sufficient time to respond to flow during a cycle
(relative to the longest relaxation time). Interestingly, at De = 0.1, we observe that the
average transient extension is much smaller compared to steady extensional flow at De = 0.
Physically, the presence of flow oscillations decreases the average polymer extension in each
phase of the cycle. Upon further increasing the frequency to De = 0.45, the average tran-
sient extension at equivalent Wi0 further decreases compared to average chain extension at
De = 0.
The average polymer extension in oscillatory extensional flow was characterized over a
wide range of Wi0 and De using BD simulations (Figure 2.11). As shown in Figure 2.11a,
the average extension curves from BD simulations follow the same trends as discussed above,
such that the average polymer stretch gradually decreases upon increasing De. In considering
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Figure 2.11: Average transient polymer extension in oscillatory extensional flow from BD
simulations. (a) Average fractional extension 〈l〉/L over a wide range of Wi0 and De. (b)
Master curve for average transient fractional extension in oscillatory extensional flow by
plotting 〈l〉/L as a function of Wieff .
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Figure 2.11a, a question arises: can the average extension curves in LAOE be recast into a
master curve? To address this question, we derived an analytical expression for the transient
polymer extension in oscillatory extensional flow using a Hookean dumbbell model. The
rheological equation of state for a suspension of elastic single-mode Hookean dumbbells is
[3]:
τp + λHτp(1) = −nkTλH γ˙ (2.25)
where τp is the polymer contribution to the total stress, γ˙ is the deformation tensor, λH is
the relaxation time for a Hookean dumbbell, and the subscript (1) denotes the operation of
codeformational differentiation [3]. For oscillatory extension, the deformation tensor γ˙ can be
taken as the velocity gradient tensor κ given by Equation 2.6. Stress is non-dimensionalized
by the quantity nkT , where n is the number density of polymers, and the deformation rate
is non-dimensionalized by λH . In this way, the following dimensionless differential equations
are obtained from Equation 2.25:
(
1 + λH
d
dt
)
τxx +Wi0 sin
(
2pi
T
t
)
τxx = Wi0 sin
(
2pi
T
t
)
(2.26)
(
1 + λH
d
dt
)
τyy −Wi0 sin
(
2pi
T
t
)
τyy = −Wi0 sin
(
2pi
T
t
)
(2.27)
Given an appropriate set of initial conditions, τxx and τyy can be solved analytically for
Hookean dumbbells in oscillatory extensional flow, albeit in the context of low Wi0. More-
over, the fractional extension in the x-y plane l(t) can be determined using the relation:
l
L
=
Req
L
√
1− τxx + τyy
3
(2.28)
where Req is equilibrium end-to-end distance and L is the contour length. In this way, Equa-
tions 2.26 and 2.27 can be solved to yield the following expressions for transient fractional
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extension l(t)/L for a Hookean dumbbell:
l(t)
L
=
Req
L
[
1− 1
λH
exp (A(t))
∫ t
0
Wi0 sin
(
2piDe
λH
t′
)
exp (−A(t′))dt′
+
1
λH
exp (−B(t))
∫ t
0
Wi0 sin
(
2piDe
λH
t′
)
exp (B(t′))dt′
] 1
2
(2.29)
where:
A(t) =
Wi0λH
De
cos(2piDe
λH
t)− 2pit
2λHpi
; B(t) =
Wi0λH
De
cos(2piDe
λH
t) + 2pit
2λHpi
. (2.30)
The average polymer extension 〈l〉/L at any Wi0 and De is then calculated numerically by
integrating Equation 2.29 over at least 5 cycles in oscillatory extensional flow at long times
after the initial transients have died out. Of course, the Hookean dumbbell model can only
be used to quantitatively determine the linear flow response of polymers in extensional flow
[3]. Nevertheless, this model can be used to define an approximate critical flow strength
Wi0,crit for a given De at which the behavior transitions from a linear to non-linear response
in oscillatory extensional flow. In examining the steady-state polymer extension at De = 0,
the coil-stretch transition occurs at Wi0,crit ≈ 0.5, for which the average fractional extension
is 〈l〉/L ≈ 1/2. Using this logic, we define the transition from linear to non-linear behavior
to occur at a critical Weissenberg number Wi0,crit at which the average polymer extension
〈l〉/L = 0.5. Interestingly, using these criteria, we found that the critical Weissenberg number
Wi0,crit scales linearly with De over a wide range of De such that Wi0,crit ∝ kDe+ 1, where
k is a numerical constant. One aspect of this definition should be noted before proceeding.
This definition of Wi0,crit is appropriate for a linear model because the polymer extension
diverges at Wi > 1 for a Hookean dumbbell in steady extensional flow. For this reason,
it is physically reasonable to define the linear to non-linear transition in terms of average
polymer extension, rather than an arbitrary critical flow strength. Indeed, the following
section shows that this definition is consistent with an alternative (albeit similar) definition
of Wi0,crit based on an effective Weissenberg number Wieff in oscillatory extension. In
any event, we emphasize that the Hookean dumbbell model is primarily used to motivate a
functional form for an effective Weissenberg number Wieff in oscillatory extensional flow.
Based on these results, we can define an effective Weissenberg number Wieff for oscillatory
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extensional flow:
Wieff =
Wi0
kDe+ 1
(2.31)
where k is a numerical constant (k = 17.4 for the Hookean dumbbell model). Using the
definition of Wieff in Equation 2.31, we replotted the average polymer extension data from
multi-mode BD simulations in Figure 2.11a as a function of Wieff , and the results are
shown in Figure 2.11b. Remarkably, all average extension curves in oscillatory extensional
flow collapse onto a single master flow curve when plotted against Wieff , where k = 25.1
gives the best fit to collapse data from BD simulation results. We conjecture that the small
difference in the numerical constant k between Hookean dummbell model and multi-mode
simulations is due to the inclusion of finite extensibility and multiple modes in the BD
simulations.
Finally, the effective Weissenberg number Wieff in Equation 2.31 can be physically moti-
vated by considering the amount of fluid strain T/2 applied during a half-cycle:
T/2 =
∫ T/2
0
˙0 sin
(
2pi
T
t
)
dt = ˙0
T
pi
(2.32)
Of course, the total fluid strain applied during a full cycle (0 < t < T ) is exactly zero
(T = 0). Thus, the strain in a half-cycle T/2 can be rewritten as:
T/2 =
Wi0
piDe
. (2.33)
Hence, the inverse scaling behavior of Wieff and De in Equation 2.31 indicates an inter-
play between the flow strength Wi0 and cycle frequency De that ultimately determines the
amount of accumulated fluid strain during a half-cycle in oscillatory extensional flow. Phys-
ically, one would expect that larger amounts of fluid strain T/2 will result in larger polymer
deformations during an LAOE cycle. Indeed, this is observed in our experiments.
Single polymer dynamics in Pipkin space. Dynamic behavior in LAOE can be de-
scribed by a two-dimensional space known as Pipkin space, which is defined by flow strength
Wi0 and frequency De [121]. Figure 2.12 shows a sketch of polymer behavior in oscillatory
extensional flow in the context of Pipkin space. Under these conditions, polymer dynam-
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Figure 2.12: Average polymer stretching dynamics in oscillatory extensional flow as visual-
ized in the context of Pipkin space, which is defined in the two-dimensional space of Wi0 and
De. Here, we identify six differnt regimes, with the transition between linear and non-linear
behavior predicted from BD simulations (solid line) and a Hookean dumbbell model (dashed
line).
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ics can be generally classified by four regimes: (1) linear, quasi-steady-state behavior for
Wi0 < Wi0,crit and De < 1, (2) non-linear, quasi-steady-state behavior for Wi0 > Wi0,crit
and De < 1, (3) linear, unsteady behavior at Wi0 < Wi0,crit and De > 1, and (4) non-linear,
unsteady behavior at Wi0 > Wi0,crit and De > 1. Steady extensional flow corresponds to
zero frequency or infinite cycle times (De = 0), denoted as black regime on far left side of
plot in Figure 2.12. At De = 0, the critical Weissenberg number at the coil-stretch tran-
sition (CST) is WiSS0,crit = 0.5 from kinetic theory [119], which is in good agreement with
experimental observations [16]. In constructing the dynamic phase diagram for oscillatory
extensional flow, a key question arises: what defines the critical flow strength Wi0,crit at the
boundary between the linear and non-linear regimes?
We determined the critical Weissenberg number at the linear to non-linear transition
WiLAOE0,crit using multi-mode BD simulations and the effective Weissenberg number Wieff
defined in Equation 2.31. In this way, the critical Wi0,crit in oscillatory extension can be
related to the critical Weissenberg number in steady extensional flow WiSS0,crit by the relation:
WiLAOE0,crit (De) = Wi
SS
0,crit · (kDe+ 1) (2.34)
In Equation 2.34, the critical flow strength is formally defined to occur at Wieff = 0.5, which
is in good agreement with the master curve shown in Figure 2.11b. Using this framework, the
dynamic behavior of polymers in oscillatory extensional flow can be schematically illustrated
in Pipkin space, as shown in Figure 2.12. Here, the linear regime corresponds to the linear
portion of the average flow extension curves in Figure 2.11a. In this regime, polymer chains
are only slightly perturbed beyond equilibrium. Upon increasing the flow stength Wi0 into
the non-linear regime, polymer chains can be deformed into highly stretched states depending
on the De. For Wi0 > Wi
LAOE
0,crit and De < 1, quasi-steady-state conditions such that the
cycle times are longer than the polymer relaxation time, which results in highly stretched
conformations in each half cycle. Upon increasing the De further at high Wi0 > Wi
LAOE
0,crit ,
complex chain dynamics are expected to be observed under highly unsteady conditions.
Dynamic polymer conformations in LAOE. We further investigated the dynamic
conformations of single polymers in LAOE (Figure 2.13). We began by studying the average
48
Figure 2.13: Dynamic polymer conformations in oscillatory extension. (a) Average confor-
mational space for an ensemble of single DNA molecules as a function of Wi0 and frequency
De. For these data, fluorescence images were superimposed for a series of experiments at a
particular Wi0 and De, and the center-of-mass of the polymer was centered at the origin.
Scale bar = 2 µm. (b) Single molecule snapshots showing different transition conformational
structures observed during a switch in the extensional/compressional axes. Different appar-
ent buckling modal structures are observed. Scale bar = 5 µm. (c) Histograms showing
probabilities of different transition structures as a function of Wi0 and De above the critical
Weissenberg number WiLAOE0,crit .
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conformational phase space of single polymers experiments as a function of Wi0 and De, as
shown in Figure 2.13a. Here, we superimposed single molecule fluorescence images across all
experiments at a particular Wi0 and De, such that the center-of-mass of the polymer was
fixed at the origin for all images [15]. In this way, the dynamic conformational phase space
becomes visually apparent for non-equilibrium flows. We observe several trends in these data.
When the flow strength Wi0 (at a frequency De) is below the critical Weissenberg number
WiLAOE0,crit (De), the conformational space for single polymers appears as an isotropic blob.
This behavior occurs for the case of Wi0 = 1.6 and De = 0.45, wherein critical Weissenberg
number WiLAOE0,crit (De) ≈ 6.1  Wi0 = 1.6. These data indicate that polymer chains (on
average) experience minor deformations and perturbations from an equilibrium coil. Upon
increasing the flow strength Wi0 above Wi
LAOE
0,crit (De), the conformational space in LAOE
adopts a symmetric orthogonal cross shape. This behavior is rationalized by considering
that both the x- and y-axis serve as alternating principle axes of extension in LAOE. As
an example, the conformational space for Wi0 = 6.5 and De = 0.45 appears as a bright
cross, which is consistent with the flow strength above the critical WiLAOE0,crit (De) ≈ 6.1 under
these conditions. Upon increasing the Wi0 or decreasing the De, the shape of the cross
sharpens and thins, which is apparent for the case of Wi0 = 4.3 and De = 0.1 wherein
WiLAOE0,crit (De) ≈ 1.8  Wi0 = 4.3. In general, these observations are consistent with the
linear-nonlinear transition behavior in oscillatory extension discussed above.
In addition to the average conformational space, we also investigated the dynamic chain
conformations during transitions between stretched states. In prior work, several studies
have focused on flow-driven buckling instabilities for semi-flexible filaments with lp ≈ L such
as actin filaments [123]. However, for globally flexible polymers with lp  L, buckling insta-
bilities have also been observed and characterized using optical birefringence [124]. In our
work, λ-DNA molecules have ∼400 persistence lengths [125], which is considered as glob-
ally flexible. We hypothesized that the transient switching of extensional and compressional
axes in LAOE could induce buckling in single polymers as bourne out by the appearance of
different modes. Figure 2.13b shows four panels containing a series of single molecule snap-
shots showing intermediate transition structures during buckling events. For each event,
we qualitatively assign the number of modes associated with the buckling event, up to 3-
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fold events. Figure 2.13c shows the probability of encountering different buckling events as
functions of Wi0 and De. The upper panel in Figure 2.13c shows trends for this behavior
upon increasing the flow strength at a constant frequency De = 0.45. Upon approaching
the critical WiLAOE0,crit (De) ≈ 6.1, the occurrence of 1-fold and 2-fold structures increases with
flow strength while the occurrence of 3-fold structures decreases. We conjecture that this
behavior arises because at higher flow strengths, the role of thermal fluctuations in inducing
higher-order modal structures likely lessens. Additionally, we find that DNA stretching at
higher Wi0 is facilitated by adopting a lower mode transition structure without returning
back to a highly coiled state in LAOE, which experimentally confirms prior predictions that
oscillatory extensional flow can enhance the unraveling of DNA molecules by Larson and
coworkers [117]. Finally, we also consider the conformational stretching behavior at constant
Wi0 (above Wi
LAOE
0,crit (De)) while changing the probing frequency De (lower panel, Figure
2.13c). At a lower frequency De = 0.1 relative to De = 0.45, the probability of the coiled
structure in the transition increases, which is consistent with the notion that a polymer may
have sufficient time to relax to a more compact coiled conformation at low De.
2.6 Interpret LAOE trajectories in three-dimensional space
As shown in Figure 2.3, the fractional extension l/L of single polymers depends on both the
time-dependent Weissenberg number, Wi(t), and the rate of change of the time-dependent
Weissenberg number, dWi/dt, which can be interpreted in a 3D space as shown in Figure
2.14. Interestingly, the 2D Lissajous curves could be viewed as the projected shapes of the 3D
curves over the l/L-Wi plane. This indicates the fractional extension l/L can be decomposed
into contributions from both Wi and dWi/dt. Another way to view this point is that if we
start at the direction facing the l/L-Wi plane, where we observe the 2D Lissajous curves.
Then we start to rotate the 3D curves counterclockwise until the l/L-dWi/dt plane is facing
us. During this process, all the 3D curves will be manifested in a ‘V’ shape after certain
degree of rotation. This intrinsically indicates contributions from both Wi and dWi/dt.
Hence, we can define this angle of rotation, θ, as the phase angle (Figure 2.15). We can
also rescale Wi in Figure 2.15 in terms of the effective Weissenberg number Wieff defined
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Figure 2.14: The fractional extension l/L of single polymers under LAOE from BD sim-
ulations are plotted in terms of the time-dependent Weissenberg number Wi and the rate
of change of the Weissenberg number dWi/dt in 3D space. Data of (a) De = 0.1, (b) De =
0.25, (c) De = 0.45, (d) De = 1, and (e) De = 2.
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Figure 2.15: Phase angles of 3D Lissajous curves at De = 0.1, De = 0.25, De = 0.45, De
= 1, and De = 2.
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Figure 2.16: The phase angle of 3D Lissajous curves plotted as a function of (a) effective
Weissenberg number Wieff . (b) Semi-log plot of θ vs. Wieff shows sigmoidal features
with asymptotic values at low and high Wieff , and single exponential decay at intermediate
Wieff .
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in Equation 2.31, as shown in Figure 2.16a. Interestingly, as shown in Figure 2.16b, the
phase angle shows asymptotic value of θ ∼ 80◦ at low Wieff (high De) and θ ∼ 20◦ at high
Wieff (low De). During the intermediate Wieff regime, the phase angle follows a single
exponential decay as a function of effective Weissenberg number (Figure 2.16b, red dashed
line) such that
θ = 76◦ exp(−Wieff/0.74) + 31◦,Wieff ∈ [0.3, 3] (2.35)
Therefore, we could draw an analogy between the fractional extension l/L measured from
single molecule LAOE and the shear stress measured from bulk LAOS if we further analyze
the trajectories using an appropriate analytical framework [126, 127]. Similarly, analogies
could also be made between the fractional extension l/L measured from single molecule
LAOE and the first normal stress difference measured from bulk LAOS. Since the materials
first normal stress oscillates at twice the input frequency ω under the same deformations,
the fractional extension l/L is plotted as functions of both Wi0sin(2ωt) and Wi0cos(2ωt)
as shown in Figure 2.17. We can also observe different phase angles based on different
combinations of Wi0 and De, which is indicated by the different orientations of the 3D
curves. In summary, this topic would be of future interest for further investigation.
2.7 Conclusions
In this chapter, we investigate the dynamics of single DNA molecules in small and large
amplitude oscillatory extension using a combination of experiments based on the Stokes trap
and BD simulations. Good agreement is found between the experimental and simulation re-
sults for polymer extension in the x-y plane l, the x- and y-direction projected extensions
lx and ly, and the polymer orientation angle φ. In general, single polymers undergo con-
tinuous cycles of compression, rotation, and extension along the x- and y-axes that can be
described by a characteristic periodic cycle. PSDs of polymer extension l and orientation
angle φ show characteristic peaks at 2fT and fT , respectively, which correspond to periodic
extension and re-orientation in the oscillatory flow. Moreover, cross-correlation analysis of
x- and y-direction projected extension reveal that lx and ly are anti-correlated such that
prior negative fluctuations in lx correspond to positive fluctuations in ly. These results are
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Figure 2.17: The fractional extension l/L of single polymers under LAOE from BD simu-
lations are plotted in terms of Wi20sin(2ωt) and Wi
2
0cos(2ωt) in 3D space. Data of (a) De
= 0.1, (b) De = 0.25, (c) De = 0.45, (d) De = 1, and (e) De = 2.
56
consistent with the periodic nature of the flow. Based on BD simulations, our results suggest
that intramolecular HI and EV interactions begin to become important at high probing fre-
quencies De. Moreover, we characterize polymer dynamic behavior in LAOE in the context
of single polymer Lissajous curves, and we study the effects of dimensionless flow strength
Wi0 and probing frequency De on polymer dynamics by constructing a series of single poly-
mer Lissajous curves over two-dimensional Pipkin space. We further consider the polymer
contribution to the total stress τ p in the context of LAOE, which generally shows the same
characteristic trends compared to Lissajous plots with respect to flow deformation.
In addition, we characterized the average extension of single polymers in oscillatory exten-
sional flow at long times using both experiments and simulations. BD simulations are used to
predict the polymer dynamic behavior over a wide range of Wi0 and De. Interestingly, aver-
age polymer extension in LAOE are self-similar and collapse onto a master average extension
curve by defining an effective Weissenberg number Wieff . Physical arguments are used to
show that the accumulated fluid strain in a half-cycle is related to the effective Weissenberg
Wieff such that larger amounts of strain result in higher effective flow strengths. Moreover,
the definition of Wieff is further substantiated using analytical model based on a Hookean
dumbbell in oscillatory extension. The dynamic behavior of polymers in oscillatory exten-
sional flow is also viewed in the context of two-dimensional Pipkin space defined by Wi0 and
De, where polymer behavior can be classified into several different regimes as linear or non-
linear or quasi-steady or unsteady. Finally, the average conformational space and buckling
transition structures of single DNA molecules are characterized in LAOE, with probabil-
ity distributions showing that DNA molecules tend to buckle into lower fold structures at
higher flow strengths. Taken together, these results shed new light onto our understanding
of nonequilibrium polymer dynamics in time-dependent flows. From a broad perspective,
this technique will open new vistas for studying the dynamics of soft particles and capsules
[128] including dynamic shape variations or structural deformations in controlled flows.
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CHAPTER 3
DYNAMICALLY HETEROGENEOUS RELAXATION IN
ENTANGLED POLYMER SOLUTIONS
3.1 Introduction
Entangled polymeric liquids are ubiquitous in materials processing and have garnered
broad interest in condensed matter physics for many years [32]. Topological constraints in
entangled polymer solutions and melts result in a dramatic slow down in chain dynamics,
which is commonly modeled using the classic tube theory by de Gennes [32] and Doi and
Edwards [33]. The tube model relies on a mean-field approximation by considering a single
polymer chain moving or reptating through a confinement potential due to obstacles created
by neighboring chains [25, 129]. Recent work has considered topological entanglements
in a self-consistent manner at the level of microscopic forces [130], which avoids the ad
hoc assumptions of a confining tube while fundamentally deriving an effective confinement
potential for entanglements.
A fundamental question underlying polymer solutions and melts focuses on how stress
relaxes in topologically entangled systems. Following a large deformation, the original Doi-
Edwards model (D-E) assumes that polymers undergo a fast chain retraction along the
confining tube, followed by a slow stress relaxation via reptation to relax non-equilibrium
orientations due to the deformation. Although the original D-E model was successful in
capturing some aspects of the physics of entangled polymer solutions [31, 131], experimentally
determined longest relaxation times τd for melts exhibit a molecular weight M dependence of
τd ∼M3.4 [1, 4, 38], whereas the D-E model predicts a molecular weight dependence of M3.
To reconcile this discrepancy, the original tube theory was extended to include constraint
release (CR) [39, 132] and contour length fluctuations (CLF) [133, 134]. For large non-linear
deformations, the D-E model was further extended to account for chain stretching (CS) [135]
and convective constraint release (CCR) to account for dynamic release of entanglements in
flow. Accurate treatment of these phenomena resulted in an advanced microscopic theory
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(GLaMM) that captures a wide range of dynamic properties of entangled polymers [136].
In addition to theoretical modeling, entangled polymer solutions have been extensively
studied using bulk experimental methods such as light scattering and rheometry [1, 137,
138]. In recent work, Wang et al. [139] used small-angle neutron scattering (SANS) to
infer molecular relaxation in entangled polymer solutions following a large deformation.
Interestingly, these results showed that the fast initial chain retraction step predicted by the
D-E model following a step strain was absent from experiments. These findings and recent
theoretical advances [130, 140, 141] have brought into question some of the fundamental
assumptions of the classic D-E theory and have highlighted the need for new molecular-
level studies of entangled polymer solutions [142]. Despite their utility in probing polymer
dynamics, bulk experimental methods tend to average over large ensembles of molecules,
thereby obscuring the role of molecular sub-populations.
Single molecule techniques allow for the direct observation of polymer chains in flow
[12], thereby revealing dynamic heterogeneity and molecular sub-populations under non-
equilibrium conditions. Single molecule fluorescence microscopy (SMFM) has been used to
directly observe tube-like or reptative motion in highly entangled DNA solutions [42] and to
measure the tube confining potential in entangled DNA solutions [43]. Polymer relaxation
in unentangled DNA solutions was recently studied using SMFM [29, 143], and single DNA
relaxation in highly entangled solutions following a step strain in shear flow was studied
by Teixeira et al. [44]. Despite recent progress, however, polymer relaxation dynamics in
entangled solutions is not fully understood at the molecular level.
In this chapter, we study the relaxation dynamics of single DNA polymers in the cross-
over regime between semidilute unentangled and entangled solutions using SMFM (Figure
3.1) [45]. Tracer bacteriophage λ-DNA molecules (48.5 kbp) are fluorescently labeled with a
DNA intercalating dye (YOYO-1) and added to background solutions of unlabeled entangled
λ-DNA (Materials and methods). In this way, we prepared a series of DNA solutions with
polymer concentrations between 3.9 c∗ and 15.3 c∗ (Table 3.1), where c∗=50 µg/mL is the
polymer overlap concentration for λ-DNA at 22.5 ◦C determined using a combination of
dynamic light scattering and Brownian dynamics simulations to account for solvent quality
and temperature [34]. All experiments are conducted in the good solvent regime [12, 29]
59
Figure 3.1: Single molecule studies of polymer relaxation in entangled DNA solutions.
(a) Flow deformation protocol and polymer relaxation process. At time t = 0, the flow is
stopped and chains relax to equilibrium. Single molecule trajectories (grey) and ensemble
averaged fractional extension (black) at 15.3 c∗. (b) Schematic of experiment showing a
single fluorescently labeled tracer λ-DNA molecule (red) in a background of entangled DNA
solution. (c) Snapshots of a single tracer DNA molecule relaxing in an entangled solution,
showing double-mode relaxation behavior. Scale bar: 5 µm; δt is time between images.
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and above the θ-temperature Tθ = 14.7
◦C for DNA in aqueous solutions [34]. Prior work
reporting the zero-shear viscosity of monodisperse DNA solutions has shown that λ-DNA
transitions to entangled solution behavior around ce ≈ 3 c∗ [34], where ce is the critical
entanglement concentration [144]. Solutions of λ-DNA between 3.9 c∗ and 15.3 c∗ correspond
to approximately n ≈ 1-12 entanglements per chain (Table 3.2), as determined by bulk
rheology (Figure 3.10).
3.2 Materials and methods
Extensional flow protocol. A feedback-controlled microfluidic cross-slot device is used
to generate a planar extensional flow (Figure 3.2) [103]. Using this approach, single polymers
are stretched to high degrees of extension (l/L ≈ 0.6-0.7), where l is the end-to-end polymer
extension and L = 21 µm is the contour length of fluorescently labeled λ-DNA (Figure
3.1a,b). During the deformation step, polymers are exposed to at least  = ˙t = 10 units of
accumulated fluid strain in extensional flow, and deformation is performed at a dimensionless
flow strength called the Weissenberg number Wi = ˙τd  1, where ˙ is the strain rate
and τd is the reptation time (discussed below). In this way, the flow induces a non-linear
deformation prior to relaxation. Following cessation of flow, the relaxation of a single tracer
DNA molecule is observed as a function of time (Figure 3.1c). Flow field characterization
including strain rate determination in entangled DNA solutions is performed via particle
tracking velocimetry (PTV).
Entangled solution preparation. We study the relaxation dynamics of entangled lin-
ear double-stranded DNA solutions using single molecule fluorescence imaging. For all ex-
periments, bacteriophage λ-phage DNA (New England Biolabs, 48.5 kbp, 31.5×106 Da)
in a buffered aqueous solution with 10 mM Tris/Tris-HCl (pH 7.4) and 1 mM ethylenedi-
aminetetraacetic acid (EDTA) is used. The stock λ-DNA solution is typically provided in a
concentration of 500 µg/mL (≈ 10 c∗).
To prepare entangled λ-DNA solutions at different concentrations, the stock λ-DNA con-
centration is first measured using a UV-vis spectrophotometer (Nanodrop 1000, Thermo
Fisher) at a wavelength of 260 nm and an extinction coefficient  = 0.02 mL µg−1cm−1.
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The stock λ-DNA concentration is generally between 300-500 µg/mL for different batches.
We then calculate the mass needed for λ-DNA at different targeted concentrations with a
targeted volume of 850 µL (typical sample volume used for single molecule imaging). Next,
based on the stock λ-DNA concentration, a working volume of λ-DNA solutions containing
targeted mass is prepared and heated to 65 ◦C for 10 minutes followed by snap cooling to 0◦C
to prevent formation of concatemers. For solutions at a polymer concentration of 5.0 c∗, the
stock λ-DNA working volume is smaller than 850 µL, and viscous buffer solution containing
30 mM Tris/Tris-HCl (pH 8.0), 2 mM EDTA, 5 mM NaCl and sucrose (65% w/w) is added to
dilute the working volume to 850 µL. For all other polymer concentrations, the stock λ-DNA
working volume is concentrated to 850 µL using a MiVac Quattro concentrator (Genevac,
UK). Entangled DNA solutions then undergo a series of repeated heating and mixing cycles
to ensure sample homogeneity. Samples are first heated to 55 ◦C for 5 minutes and mixed
(by gently rotation) for 10 minutes at room temperature (20 ◦C). This cycle is repeated for
four times following an overnight rotate mix at 4 ◦C. The DNA concentration is measured
before each single molecule experiment using a UV-vis spectrophotometer (Nanodrop 1000,
Thermo Fisher). The final sample concentrations (in units of µg/mL) and corresponding
scaled concentrations in c∗ are tabulated in Table 3.1.
For single molecule imaging, small amounts of λ-DNA molecules are fluorescently labeled
with an intercalating dye (YOYO-1, Molecular Probes, Thermo Fisher) with a dye-to-base
pair ratio of 1:4 for >1 hour in dark at room temperature. Trace amounts of fluorescently
labeled DNA are then added to background solutions of unlabeled entangled λ-DNA, re-
sulting in a final labeled DNA concentration of 2× 10−3 µg/mL (∼ 10−5c∗). In addition, a
small amount of reducing agent β-mercaptoethanol (14 µM) and coupled enzymatic oxygen
scavenging system containing glucose (50 µg/mL), glucose oxidase (0.01 µg/mL), and cata-
lase (0.004 µg/mL) are added into the entangled solution to suppress photobleaching and
photocleaving of fluorescently labeled λ-DNA molecules. The entangled solution mixture is
Table 3.1: Entangled λ-DNA solution concentrations in this work.
Concentration (c∗) 3.9 5.0 7.5 9.8 13.0 15.3
Concentration (µg/mL) 195.9 248.7 374.0 650.9 651.0 764.6
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rotationally mixed for >30 minutes before single molecule imaging.
The solvent viscosity ηs is determined using a cone and plate viscometer (Brookfield, USA)
at 22.5 ◦C. For the polymer solution at 3.9 c∗, the solvent viscosity ηs is measured to be 11.6
cP and for the polymer solution at 5.0 c∗, the solvent viscosity ηs is measured to be 18.1 cP
at 22.5 ◦C. For all other polymer solutions, the solvent viscosity ηs= 0.95 cP.
Single molecule fluorescence microscopy. Single molecule fluorescence microscopy
and imaging is performed using an inverted epifluorescence microscope (IX71, Olympus)
coupled to an electron-multiplying charge coupled device (EMCCD) camera (iXon, Andor
Technology). Labeled DNA samples are illuminated using a 50 mW 488 nm laser (Spectra-
Physics, CA, USA) directed through a 2.2 neutral density filter (ThorLabs, NJ, USA), a 488
nm single-edge dichroic mirror (ZT488rdc, Chroma). Fluorescence emission is collected by
a 1.45 NA, 100× oil immersion objective lens (UPlanSApo, Olympus), and a 525 nm single-
band bandpass filter (FF03-525/50-25, Semrock) is used in the detection path. Finally,
images are acquired by an Andor iXon EMCCD camera (512×512 pixels, 16 µm pixel size)
under frame transfer mode at a frame rate of 33 Hz (0.03028 s−1). Experimental movies
are analyzed using home-written matlab codes. The contour length of fluorescently labeled
λ-DNA is taken to be 21.5 µm under our experimental conditions.
Microfluidic device fabrication & flow field characterization. Two-layer PDMS-
based microfluidic devices were fabricated using standard techniques in soft lithography, as
previously reported (Figure 3.2) [22]. In brief, the microfluidic device contains a fluidic
layer situated below a control layer containing a fluidic valve. The fluidic layer is fabricated
to contain a cross-slot channel geometry to generate a planar extensional flow, and the
control layer contains a pressure-driven valve to control fluid flow. Strain rate and flow
field characterization are performed using particle tracking velocimetry (PTV), as previously
described [22]. No flow instabilities are observed under these flow conditions as indicated in
Figure 3.3.
Bulk shear rheology. Bulk shear rheology is performed using a strain controlled rheome-
ter (Ares G2, TA instruments, DE, USA). A 40 mm 2.002◦ cone and plate (stainless plate
steel) geometry is used for the measurements for both samples at 5.0 c∗ and 14.6 c∗. The
experimental temperature is set to constant at 22.5 ◦C and a solvent trap is used to prevent
63
Figure 3.2: Single molecule studies of polymer relaxation in entangled DNA solutions.
(a) Schematic of the experimental setup, showing two-layer PDMS microfluidic device. The
fluidic layer has a cross-slot channel geometry to generate a planar extensional flow, and the
control layer contains a pressure-driven valve to control fluid flow. (b) Optical micrograph
of the microfluidic cross-slot in which a fluorscently labeled tracer λ-DNA molecule in a
background of entangled DNA solution is stretched and relaxed.
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Figure 3.3: Flow field characterization and particle tracking velocimetry (PTV) in entan-
gled polymer solutions in planar extensional flow. (a) Strain rate calibration as a function
of inlet pressure at fixed channel height of ∼40 µm (channel mid-plane) for 9.8 c∗ λ-DNA
solution. (b) Strain rate calibration as a function of channel height at fixed inlet pressure of
0.9 psi for 9.8 c∗ λ-DNA solution.
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solvent evaporation. The storage modulus G′ and loss modulus G′′ are measured using a
frequency sweep at 5% strain from 0.1 rad/s to 100 rad/s with eight data points per decade.
3.3 Scaling theory of entangled polymer solutions
The equilibrium properties of polymers in a dilute solution are determined by the molecular
weight and solvent quality [25]. In a Θ-solvent, where monomer-monomer attraction cancels
hard-core repulsion, the excluded volume (EV) v = 0. Under these conditions, a polymer
chain is described by a random walk (RW) with root-mean-squared end-to-end distance
〈R2〉1/2 = Nb1/2, where N is the number of Kuhn segments and b is the Kuhn step size. In
a good solvent, EV interactions dominate with v > 0. Under these conditions, a polymer is
described by a self-avoiding walk (SAW) with 〈R2〉1/2 = Nbν , where ν is the EV exponent
given by Flory theory. The extent of EV interactions is quantified by the chain interaction
parameter z, which is an indicator of solvent quality and is defined as
z ≡
(
3
2pi
)3/2
v
b3
N1/2 ≈ v
b3
N1/2 (3.1)
Our experiments are perforemd in good solvent regime such that z ≈ 1.
In entangled polymer solutions, polymer concentration greatly influences the equilibrium
and non-equilibrium properties of the system. At concentrations above the entanglement
concentration ce (c > ce), the polymer solution is described by the semi-dilute entangled
regime and tube model can be applied [33]. According to the tube model, a single polymer
chain is confined in a tube formed by the entanglement points of the surrounding chains.
Polymer motion perpendicular to the confining tube is restricted, such that single polymers
can only move transversely along the contour of the polymer chain via reptation, which
slows down the dynamics significantly. Figure 3.4 illustrates the molecular view of semi-
dilute entangled solutions based on blob theories with three important characteristic length
scales: the thermal blob size ξT , the correlation blob size ξ, and the tube diameter dT . The
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thermal blob size ξT is defined as
ξT ≈ b
4
|v| = N
1/2bz−1 (3.2)
The thermal blob size is independent of polymer concentration c. On length scales smaller
than ξT , thermal energy kT outweighs the EV interaction energy and the chain segment
within the thermal blob is described as a random walk.
The correlation blob size ξ is defined as the length scale above which monomers on one
polymer chain begin to interact with the monomers on surrounding polymer chains. There-
fore, the correlation blob size ξ is the length scale indicating the importance of intermolecular
interactions in semi-dilute polymer solutions, which is defined as
ξ = b
( v
b3
)2ν−1
gν (3.3)
where g is the number of Kuhn monomers in the correlation blob ξ. Correlation blobs
are space filling and their size depends on the polymer concentration. Normalized polymer
concentration c/c∗ can thus be written as
c
c∗
=
gb3
ξ3
z6ν−3N1/2 (3.4)
Combining equations 3.3 and 3.4, the correlation blob size ξ and the number of Kuhn
monomers in a blob g can be expressed as
ξ = N1/2b
( c
c∗
)−ν/(3ν−1)
z2ν−1 (3.5)
And
g = N
( c
c∗
)−1/(3ν−1)
(3.6)
The correlation blob size ξ decreases with concentration. At c/c∗  1, the polymer con-
centration approaches the concentrated regime c∗∗ = ρN−1/2z, where ρ is the density of the
polymer. Here, the correlation blob size reduces to the thermal blob size such that ξ ≈ ξT .
For concentrations c/c∗∗ ≥ 1, the polymeric material is considered to be in the melt state
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Figure 3.4: Schematic of semidilute entangled regime investigated in this work at polymer
concentration ce < c < c
∗∗. Characteristic length scales are the thermal blob size ξT , the
correlation blob size ξ, and the tube diameter dT .
such that EV interactions are screened at all length scales.
The tube diameter dT in semi-dilute entangled regime has the same concentration depen-
dence, but is larger than the correlation blob size ξ, such that
dT = dT (1)
( c
c∗
)−ν/(3ν−1)
(3.7)
where dT (1) is the tube diameter in the polymer melt (c/c
∗∗ ≥ 1) such that dT (1) ≈ Ne(1)1/2b
due to screened EV interactions. Here, Ne(1) is the number of Kuhn monomers in one
entanglement strand in the polymer melt.
Near-equilibrium dynamics such as the longest relaxation time scaling with concentration
can also be predicted using blob theory and tube model. On length scales r smaller than the
thermal blob size (r < ξT ), the Kuhn segment relaxation time τ0 is defined as the time needed
for a Kuhn segment to diffuse through its own size. From the Stokes-Einstein relation, τ0
is defined as τ0 = ηsb
3/kT , where ηs is the solvent viscosity. For length scales larger than
the thermal blob size but below the correlation blob size (ξT < r < ξ), intermolecular
interactions are not dominant, the relaxation time of τξ of a chain strand is described by
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Zimm model [145] and is proportional to the correlation blob volume ξ3 such that
τξ =
ηsξ
3
kT
= τ0N
3/2(
c
c∗
)−3ν/(3ν−1)z6ν−3 (3.8)
For length scales larger than the correlation blob size but below the tube diameter (ξ <
r < dT ), the entanglement strand can move freely in the tube as an ideal chain due to
screened EV interactions. The relaxation time of the entanglement strand τe with Ne Kuhn
monomers can be described using the Rouse model. Here, Ne is defined as
Ne = g
(
dT
ξ
)2
= Ne(1)
( c
c∗
)−1/(3ν−1)
z1−2ν (3.9)
and
τe = τξ
(
Ne
g
)2
= τ0Ne(1)
2N−1/2
( c
c∗
)−3ν/(3ν−1)
z2ν−1 (3.10)
Finally, on length scales larger than the tube diameter dT , topological constraints of the
surrounding chains start to become important. Based on the tube model, the reptation time
τd is given by
τd ≈ τe
(
N
Ne
)3
(3.11)
However, many experimentally measured results [38] show a stronger dependence of τd on
N with
τd ≈ τe
(
N
Ne
)3.4
(3.12)
Hence, combining equations 3.9, 3.10, and 3.12, the concentration dependence of the repta-
tion time τd is calculated as
τd = τ0
N3ν
Ne(1)1.4
( c
c∗
)(3.4−3ν)/(3ν−1)
(zN−1/2)6ν−5.8(z1.4)2ν+1
τd =
τz
Ne(1)1.4
( c
c∗
)(3.4−3ν)/(3ν−1)
(zN−1/2)6ν−5.8(z1.4)2ν+1
(3.13)
where τz = τ0N
3ν is the Zimm time, which is the longest relaxation time in the dilute limit.
69
3.4 Dynamically heterogeneous relaxation of entangled polymer chains
Polymer relaxation trajectories for the entire molecular ensemble are plotted for different
solution concentrations in Figure 3.5. Here, time is scaled by solvent viscosity η0 to compare
relaxation data between the low concentration 5.0 c∗ sample (ηs = 18.1 cP) and the remaining
solution concentrations (ηs = 0.95 cP). Interestingly, for all polymer concentrations, we find
that the ensemble-averaged relaxation trajectories cannot be fit by a single-mode exponential
decay. Single exponential decay functions are commonly used to analyze polymer extension
relaxation data in dilute polymer solutions (c < c∗) [16, 22] and semi-dilute unentangled
solutions (c∗ < c < ce) [29]. On the other hand, our results show that the underlying
molecular ensemble consists of two sub-populations, including polymers that exhibit either
a single-mode or a double-mode exponential decay as shown in Figure 3.5b for trajectories
at 9.8 c∗, and Figure 3.6 for all the other trajectories.
To classify single polymers into these two different sets, each individual trajectory is fit to
both functions, and the best fit is accepted with a suitable adjusted R-square value ≥90%
(Figure 3.7). The single-mode relaxation time τs is determined by fitting the terminal 30%
of the squared polymer extension (l/L)2 to a single-mode exponential decay:
(l/L)2 = A exp(−t/τs) +B (3.14)
where A and B are numerical constants. The double-mode relaxation times τd,1 and τd,2 are
obtained by fitting (l/L)2 to a double-mode exponential decay:
(l/L)2 = A1 exp(−t/τd,1) + A2 exp(−t/τd,2) +B (3.15)
where A1, A2, and B are numerical constants.
Molecular ensembles corresponding to single-mode and double-mode relaxation behavior
are shown in Figure 3.5b and Figure 3.6. Polymers exhibiting double-mode relaxation be-
havior exhibit an initially fast retraction with a characteristic timescale τd,1, followed by
slower relaxation with timescale τd,2 before returning an equilibrium coiled state. A his-
togram showing the probability of single-mode and double-mode relaxation behavior as a
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Figure 3.5: Single molecule studies of polymer chain relaxation in entangled solutions
reveal heterogeneous sub-poplations. (a) Semi-log plot of ensemble-averaged fractional ex-
tension 〈l〉/L showing relaxation trajectories at five DNA concentrations (5.0 c∗, 7.5 c∗, 9.8
c∗, 13.0 c∗, and 15.3 c∗; N ≥ 40 molecules in each ensemble). (b) Molecular sub-populations
corresponding to single-mode and double-mode relaxation trajectories for a representative
solution concentation at 9.8 c*. Ensemble averaged data for single and double-mode trajec-
tories are shown.
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Figure 3.6: Single molecule studies of polymer chain relaxation using in extensional flow.
(a), (b) Molecular sub-populations corresponding to single-mode and double-mode relax-
ation trajectories, respectively, for the entire molecular ensemble data shown in Figure 3.5a.
Semi-log plots of ensemble-averaged fractional extension are shown at different DNA con-
centrations.
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Figure 3.7: Determination of single-mode and double-mode relaxation behavior of individ-
ual molecular trajectories. (a) Single-mode fractional extension trajectory of a individual
λ-DNA molecule at 7.5 c∗. The adjusted R-square value for a single exponential fit is 0.973.
(b) Double-mode fractional extension trajectory of an individual λ-DNA molecule at 7.5 c∗.
The adjusted R-square value for a double exponential fit is 0.964.
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Figure 3.8: Probability distribution of single and double-mode relaxation behavior at dif-
ferent polymer concentrations.
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function of polymer concentration is shown in Figure 3.8. Upon increasing polymer con-
centration concentration from 2.8 c∗ to 15.3 c∗, the probability of single-mode relaxation
behavior decreases, whereas the probability of double-mode behavior increases. The emer-
gence of multiple molecular sub-populations is consistent with the gradual transition from
the semi-dilute unentangled regime (c < ce) to the semi-dilute entangled regime (c > ce)
at a critical entanglement concentration ce ≈ 3 c∗. This value of ce is consistent with prior
work from bulk shear rheology of DNA [34] and single molecule measurements of polymer
diffusion [146]. At relatively high polymer concentrations (c = 15.3 c∗ ≈ 5.1 ce), nearly
all relaxation trajectories exhibit double-mode relaxation behavior, which is consistent with
prior observations on highly entangled λ-DNA solutions [44].
We quantitatively determined the single-mode relaxation times τs and double-mode re-
laxation times τd,1 and τd,2 from our experiments as listed in Table 3.2. In this way, we
observe clear power-law scaling behavior for the longest relaxation times as a function of
scaled concentration c/c∗ across a wide range of polymer concentrations, as shown in Figure
3.9. Results from single molecule experiments are compared to longest relaxation times of
entangled λ-DNA solutions measured from bulk shear rheology (based on a relaxation time
λ from zero-shear viscosity η0) [34], single molecule experiments following cessation of shear
flow [44], and single polymer diffusion measurements [147]. For bulk experiments and single
molecule measurements, the relaxation times λ and τ are normalized by the longest polymer
relaxation time in the dilute limit λz and τz, respectively, and plotted as a function of scaled
concentration c/c∗ in Figure 3.9.
Figure 3.9a shows the concentration-dependent power-law scalings of the longest relax-
ation times across the semi-dilute unentangled (c∗ < c < ce) and entangled regime (c > ce).
In the semi-dilute unentangled regime, the longest relaxation time scales with polymer con-
centration as τ/τz ∼ (c/c∗)0.48, as previously reported [29]. In the entangled regime, the
relaxation behavior shows a dramatic slow down in dynamics. Here, the slower double-mode
timescale τd,2 exhibits a power-law scaling consistent with the characteristic reptation time
for semi-dilute entangled polymer solutions [25, 129]. In particular, we find τd,2/τz ∼ (c/c∗)2.4
from single molecule experiments, which compares favorably with relaxation time scalings
from bulk shear rheological experiments λ/λz ∼ (c/c∗)2.4 [34]. In entangled polymer melts,
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Figure 3.9: Normalized longest relaxation times τ/τz and λ/λz as a function of scaled poly-
mer concentration c/c∗. (a) Power-law relaxation time scaling behavior across the semidilute
unentangled and entangled regimes. (b) Characteristic longest relaxation times in the en-
tangled regime.
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Table 3.2: Characteristic longest relaxation times for DNA molecules exhibiting single-
mode and double-mode relaxation behavior in entangled solutions.
Scaled number of single-mode fast double-mode slow double-mode
concentration entanglements relaxation time relaxation time relaxation time
c/c∗ per chain,a n τs (s) τd,1 (s) τd,2 (s)
2.8b 1.13 0.23 ± 0.02 - -
3.9 1.82 0.35 ± 0.12 0.06 ± 0.02 0.42 ± 0.13
5.0 2.54 0.52 ± 0.14 0.12 ± 0.03 0.61 ± 0.12
7.5 4.52 0.87 ± 0.21 0.18 ± 0.08 2.41 ± 0.77
9.8 6.62 1.45 ± 0.53 0.32 ± 0.11 4.07 ± 1.22
13.0 9.87 2.02 ± 0.74 0.38 ± 0.16 6.66 ± 1.33
15.3 12.40 N.A.c 0.59 ± 0.24 9.38 ± 1.66
a The plateau modulus Ge(c) scales with concentration as Ge(c) ∼ G0c 3ν3ν−1 , with ν ∼
0.57 from our experiments. Thus, Ge(c) ∼ c2.4. The number of entanglements Ne is then
calculated based on the scaled Ge value from bulk shear viscoelastic meansurements at c
= 14.6 c∗ based on Ne = 45
cRT
Ge
1
M0
, where c is the solution concentration and M0 is the
monomer molecular weight. Finally, the average number of entanglements per chain n is
calculated as n = N
Ne
with N ∼ 160 for λ-DNA).
b Relaxation data for the 2.8 c∗ data set is obtained from prior single molecule studies on
DNA relaxation in semidilute unentangled solutions [29].
c Statistically small number of trajectories.
experiments [38] show that the reptation time τd exhibits a power-law scaling with polymer
molecular weight M such that:
τd ∼M3.4 (3.16)
On the other hand, in entangled polymer solutions, polymer concentration and solvent qual-
ity both play a role on the reptation time τd. Scaling theory can be used to derive the
concentration and solvent quality dependence of τd [25] (section 3.3), such that:
τd =
τz
(Ne(1))1.4
( c
c∗
) 3.4−3ν
3ν−1
(zN−0.5)6ν−5.8(z1.4)2ν+1 (3.17)
where τz is the polymer relaxation time in the dilute limit, ν is the effective excluded volume
coefficient, N is the number of statistical steps in the polymer (Kuhn segments), and Ne(1)
is the number of Kuhn steps in one entanglement strand in a melt. Moreover, z is the
chain interaction parameter which is a measure of solvent quality (section 3.3) [25]. Briefly,
z = k (1− Tθ/T )
√
M , where M is polymer molecular weight and the constant k has been
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determined for DNA solutions using a combination of light scattering and BD simulations
[34], thereby enabling calculation of z for any M and T . For our experiments on λ-DNA
conducted at T = 22.5 oC, we find z ≈ 0.71, which corresponds to the lower limit of the
good solvent regime [30].
Given that the reptation time τd scales with concentration as τd ∼ (c/c∗)(3.4−3ν)/(3ν−1) for
entangled solutions and τd,2 ∼ (c/c∗)2.4 from our data, we determined an effective excluded
volume exponent ν ≈ 0.57, which is consistent with good solvent conditions. Figure 3.9 also
shows prior single molecule experimental data from Teixeira et al. [44], where double-mode
relaxation behavior following shear flow deformation was observed at high DNA concentra-
tions (16 c∗ - 35 c∗). Analysis of these prior data shows τd,2 ∼ (c/c∗)2.9, which is a steeper
concentration dependence than the current work and corresponds to an effective excluded
volume exponent of ν ≈ 0.53, which is closer to the expected scalings for Θ-solvent conditions
[25, 143]. Interestingly, the experiments of Teixeira et al. [44] were performed at T = 18
oC, such that the chain interaction parameter z ≈ 0.3, suggesting near Θ-solvent conditions.
Together, these data show the sensitivity of polymer relaxation behavior to experimental
conditions for entangled polymer solutions.
The fast double-mode relaxation time τd,1 exhibits a weaker power-law concentration de-
pendence compared to the slow double-mode time τd,2, such that τd,1/τz ∼ (c/c∗)1.5 (Fig-
ure 3.9b). Interestingly, the numerical values of τd,1 are on the order of the Rouse time
τR = 6R
2
G/3pi
2D2G [33] for λ-DNA (Table 3.2), where RG is radius of gyration determined
from universal scaling relations for DNA [34] and DG is the center-of-mass diffusion coef-
ficient determined in prior single molecule experiments [52]. In this way, we determined
a Rouse time τR = 0.3 sec for λ-DNA at T = 22.5
oC in a solvent viscosity ηs = 1.0 cP,
which is consistent with prior estimates of τR [43]. From this view, we hypothesize that τd,1
corresponds to a timescale associated with a Rouse-like chain recovery or chain retraction
following the non-linear chain stretching step. A similar fast initial stress decay following
the cessation of a large uniaxial extensional deformation has been observed for entangled
polymer solutions in bulk experiments [148].
However, despite the apparent similarity to Rouse-like chain behavior, our data shows
that the fast double-mode relaxation time τd,1 is concentration dependent, unlike a true
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Rouse-like response. These results suggest that the initial fast retraction step slows down
as the local polymer concentration increases, thereby increasing chain friction due to nearby
polymer chains. At longer times, entanglements reform in this molecular sub-population,
and the polymer chain transitions to a reptative relaxation process described by τd,2.
Single molecule experiments further reveal an additional relaxation time τs, which emerges
through a different molecular sub-population in the ensemble. The single-mode relaxation
time exhibits a power-law concentration scaling such that τs/τz ∼ (c/c∗)1.5. Although τd,1 and
τs show nearly the same power-law scaling with concentration, τs is approximately a factor
of 5 larger than τd,1 (Table 3.2), which suggests a different physical origin for τs compared to
τd,1. We conjecture that τs corresponds to the timescale of a polymer chain relaxation
in a locally unentangled environment in the polymer solution. For this molecular sub-
population, polymer chains experience no chain-chain entanglements during the relaxation
event, yet they may experience enhanced intermolecular interactions with an associated
increase in chain friction during the relaxation process. Interestingly, locally unentangled
behavior only exists in the transition regime from semi-dilute unentangled to semi-dilute
entangled solutions (Figure 3.8). At high polymer concentrations (c ≥ 16 c∗), the single-
mode relaxation behavior is absent. These results are further supported by bulk shear
rheology measurements on our entangled DNA solutions, where an entanglement plateau
emerges at 5.0 c∗ and is clearly observed around 15 c∗ as shown in Figure 3.10.
3.5 Conclusions
In this chapter, our single molecule experiments reveal several intriguing features of poly-
mer chain relaxation following a non-linear deformation. In the transition regime from
unentangled to entangled polymer solutions, these results reveal two distinct molecular sub-
populations exhibiting single-mode and double-mode exponential relaxation behavior. We
conjecture that these two relaxation modes correspond to different molecular relaxation
pathways, such that the slow double-mode timescale τd,2 is attributed to slow relaxation
dynamics associated with polymer reptation. The fast double-mode relaxation time τd,1 is
attributed to the fast initial chain retraction step immediately following deformation. On the
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Figure 3.10: (a) Linear viscoelastic moduli G’(ω) and G”(ω) for 5.0 c∗ λ-DNA solutions
with solvent viscosity ηs=18.1 cP. (b) Linear viscoelastic moduli G’(ω) and G”(ω) for 14.6
c∗ λ-DNA solutions with solvent viscosity ηs=0.95 cP.
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other hand, we hypothesize that the single-mode time τs emerges from local regions of the
polymer solution that have become transiently unentangled due to the strong deformation.
These results suggest that an apparently well-mixed polymer solution may be entangled
at thermal equilibrium and can become transiently disentangled upon exposure to strong
deformation. As polymer concentration is increased (c  c∗), the propensity for transient
disentanglements to occur within the solution decreases. Taken together, our work provides
new molecular-level perspectives on entangled polymer solutions that are facilitated by single
molecule observations.
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CHAPTER 4
EFFECT OF MOLECULAR ARCHITECTURE ON RING
POLYMER DYNAMICS IN UNENTANGLED LINEAR
POLYMER SOLUTIONS AND RING-LINEAR BLENDS
4.1 Introduction
Ring polymers are intriguing materials with unique properties due to a topologically en-
closed macromolecular structure with no beginning or end [47]. With regards to biological
molecules, it has been proposed that the topological constraints of ring (or circular) poly-
mers can potentially inform chromatin folding and genome organization [51]. In the realm
of synthetic polymers, ring polymer topology has been leveraged to create new sustainable
materials. In recent work, synthetic ring polymers based on cyclic poly(phthalaldehyde)
(cPPA) show high levels of purity and stability [149]. Interestingly, polymer degradation
(depolymerization) of cPPA can be precisely triggered by heating or by applying an external
chemical stimulus. In this way, cPPA serves as a promising candidate for next-generation
plastics that disintegrate on demand [150].
Achieving a clear understanding of ring polymer dynamics is important for fundamen-
tal polymer physics. Experimental efforts to study high purity ring polymer melts began
many years ago. Early work focused on the properties of synthetic ring polymers based on
polystyrene and polybutadiene using shear rheology [151–154]. Prior work has shown that
ring polymer melts generally exhibit lower zero-shear viscosities [151, 153] and higher recov-
erable compliance compared to linear polymer melts [154]. However, even a small amount
of linear contaminates alters the rheological response of ring polymer melts, resulting in a
drastic increase in viscosity [53, 153, 155, 156]. Moreover, ring polymer melts were found to
show no apparent plateau modulus, but addition of a small fraction of linear chains causes
the rubbery plateau to reappear [53]. Therefore, despite many efforts, a central challenge
in ring polymer research lies in achieving high purity ring polymer samples that are free
of linear chains. Indeed, the ‘purest as-possible’ ring polymer samples prepared by post-
polymerization cyclization of linear chains still contain small fractions of linear chains, even
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after rigorous purification [157].
From this view, understanding the properties of ring-linear blends is of fundamental in-
terest to elucidate the properties of polymeric samples with mixed chain topology. Prior
work has focused on the near-equilibrium properties of ring polymers in ring-linear blends.
Computational modeling has shown that ring polymers swell with an increased Rg upon the
addition of linear polymers into the background solution [158, 159]. Diffusion measurements
of ring DNA molecules show that although a ring polymer diffuses approximately 1.4 times
faster than a linear chain in a concentrated ring polymer solution, the diffusion coefficient
drops dramatically in a background matrix of linear polymers [43, 52, 146]. Interestingly,
when the background linear chain concentration is well above the overlap concentration c∗
for linear polymers, a heterogeneous multimode diffusion is observed for rings[160]. Here, it
is important to note that c∗ is defined under equilibrium conditions when the linear poly-
mers are unstretched by flow. Moreover, ring polymers generally exhibit a markedly different
molecular weight dependence of the center-of-mass diffusion coeffiecient compared to linear
polymers in background solutions of concentrated linear polymers or melts.[161, 162]. Nev-
ertheless, it is possible to use single ring polymers as tracer polymers or probes to study
entangled linear chain dynamics through small angle neutron scattering (SANS) or neutron
spin echo (NSE) spectroscopy [163, 164], essentially by taking advantage of the slow diffusion
of rings in ring-linear blends.
The slow-down of ring polymer dynamics in entangled solutions of ring-linear blends has
also been theoretically modeled. Here, the stress relaxation mechanism is modeled to include
constraint release (CR) of background linear chains [132] or restricted reptation (RR), where
rings relax through amoebae-like conformations in fixed obstacles formed by background
linear chains [165]. The once-threaded model (R1) was further proposed to capture ring
diffusion along a threaded linear chain [162]. The ‘threading’ phenomenon refers to one or
more background linear chains penetrating into an open ring conformation, thereby resulting
in a significant decrease in chain diffusion [166, 167]. Nevertheless, in reality, the actual
diffusion mechanism may rely on a combination of elements from all of these models [166].
Despite recent progress in understanding the properties of ring-linear blends, a large por-
tion of prior work has focused on the near-equilibrium properties of ring polymers such as
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equilibrium chain conformation or center-of-mass diffusion coefficient in concentrated solu-
tions or melts. Moreover, ensemble-level experimental methods based on bulk rheology or
light scattering provide indirect measurements of the average conformational properties of
ring polymers. What are the conformational dynamics of single ring polymers in ring-linear
blends under nonequilibrium conditions in flow? Recent advances in single molecule fluores-
cence microscopy (SMFM) and microscale flow manipulation allow for the direct observation
of polymer dynamics under highly nonequilibrium conditions [12]. SMFM can be used to un-
derstand phenomena such as dynamic heterogeneity and molecular individualism for polymer
chains in flow [13, 16, 168]. In recent years, SMFM has been used to study the dynamics of
linear polymers in large amplitude oscillatory extensional flow (LAOE) [22, 23], linear poly-
mers in semidilute unentangled solutions [29, 30], and the heterogeneous relaxation dynamics
of linear polymers in entangled solutions [45].
Single molecule techniques have been used to study the flow dynamics of ring polymers,
but only in ultra-dilute solutions [56, 57, 169]. In the dilute solution regime, it was found that
ring polymers show a shifted coil-stretch transition (CST) and less molecular individualism
compared to their linear counterparts due to a coupling between intramolecular hydrody-
namic interactions (HI) and the constrained chain topology.[56, 57]. Despite recent work,
however, we still lack a comprehensive understanding of the dynamics of ring polymers in
non-dilute ring-linear blends.
In this chapter, we study the relaxation dynamics and transient stretching behavior of
single ring DNA polymers in background solutions of semidilute unentangled linear DNA
(Figure 4.1). In particular, fluorescently labeled ring DNA polymers (45 kbp) are uniformly
added to background solutions of semidilute linear λ-DNA polymers (bacteriophage lambda
genomic DNA, 48.5 kbp). Our results show that ring polymers exhibit large conformational
fluctuations in extensional flow, even long after the initial transient stretching process has
terminated. Remarkably, this behavior occurs even at low background concentrations of
linear polymers, down to 0.025 c∗ based on the linear constitutent. These large conforma-
tional fluctuations are not observed in the steady-state stretching of linear polymers in the
same background solutions [29], or in the steady-state stretching of ring polymers in dilute
solutions (10−5 c∗) under similar flow conditions [56, 57]. Based on these findings, we hy-
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Figure 4.1: Schematic of the experimental ring-linear system. Fluorescently labeled tracer
ring DNA molecules (45 kbp, shown in red) are uniformly dissolved in a background solution
of semidilute linear DNA molecules. Dynamics are studied under (a) equilibrium (no flow)
conditions and in (b) planar extensional flow. The transient molecular extension of ring
polymers lcirc is directly observed using SMFM.
pothesize that large fluctuations in ring polymer extension arise due to transient threading
of linear polymers through partially open rings due to stretched conformations in flow.
4.2 Materials and methods
Preparation of 45 kbp ring DNA. Double-stranded DNA constructs 45 kbp in length
are prepared via replication of fosmids in Escherichia Coli, followed by extraction and pu-
rification. In brief, the DNA constructs are extracted from cultures of Escherichia Coli
cells by alkaline lysis followed by treatment of an acidic detergent solution such that the
coloned DNA is renatured. The genomic DNA and cellular debris precipitate are removed
by centrifugation. Supercoiled DNA constructs are then converted to relaxed circular con-
formation via treatment with Topoisomerase-I (New England Biolabs) [52]. To remove any
contaminating RNA, the sample is treated with RNase A, and protein is removed by phenol-
chloroform extraction followed by dialysis. The sample is finally concentrated by a second
isopropanol precipitation and its topology and concentration is determined using gel elec-
trophoresis [52, 170].
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Preparation of semidilute unentangled linear solutions. For all experiments, bac-
teriophage λ-phage DNA (New England Biolabs, 48.5 kbp, 31.5×106 Da) in a buffered
aqueous solution with 10 mM Tris/Tris-HCl (pH 7.4) and 1 mM ethylenediaminetetraacetic
acid (EDTA) is used to prepare background semidilute unentangled solution. The stock
λ-DNA solution is typically provided in a concentration of 500 µg mL−1 (≈ 10 c∗). To pre-
pare semidilute unentangled λ-DNA solutions at different concentrations, the stock λ-DNA
concentration is first measured using a UV-vis spectrophotometer (Nanodrop 1000, Thermo
Fisher) at a wavelength of 260 nm and an extinction coefficient  = 0.02 mL µg−1cm−1. The
stock λ-DNA concentration is generally between 300-500 µg mL−1 for different batches. We
then calculate the mass of DNA required at different target concentrations with a desired
volume of 5 mL, which is a typical sample volume used for single molecule imaging and vis-
cosity measurements. Next, based on the stock λ-DNA concentration, a working volume of
λ-DNA solution containing the desired concentration is prepared and heated to 65 ◦C for 10
minutes followed by snap cooling to 0 ◦C to minimize formation of DNA concatemers. For all
polymer concentrations, the stock λ-DNA working volume is concentrated to ∼50 µL using
a MiVac Quattro concentrator (Genevac, UK) and viscous buffer solution containing 30 mM
Tris/Tris-HCl (pH 8.0), 2 mM EDTA, 5 mM NaCl and sucrose (65% w/w) is added to the
working volume to 5 mL. Prepared semidilute unentangled λ-DNA solutions then undergo a
series of repeated heating and mixing cycles to ensure sample homogeneity. Samples are first
heated to 55 ◦C for 5 minutes and mixed (by gentle rotation) for 10 minutes at room tem-
perature (20 ◦C). This cycle is repeated for twice followed by an overnight gentle rotational
mixing procedure at 4 ◦C. The concentration of the semidilute unentangled λ-DNA solution
is determined before each single molecule experiment using a UV-vis spectrophotometer. For
λ-DNA molecules, the overlap concentration c∗ = 50 µg mL−1 at 22.5 ◦C. The final sample
concentrations (in units of µg mL−1) and corresponding scaled concentrations in units of c∗
are tabulated in Table 4.1.
Table 4.1: Concentration of λ-DNA solutions used in this work.
Concentration (c∗) 0.025 0.1 1.0
Concentration (µg mL−1) 1.2 5.0 50
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Fluorescent labeling of 45 kbp ring DNA. For single molecule imaging, small amounts
of 45 kbp circular DNA molecules are fluorescently labeled with an intercalating dye (YOYO-
1, Molecular Probes, Thermo Fisher) with a dye-to-base pair ratio of 1:4 for >1 hour in dark
at room temperature. Trace amounts of fluorescently labeled 45 kbp DNA are then added
to background solutions of unlabeled semidilute unentangled λ-DNA, resulting in a final
labeled DNA concentration of 2× 10−3 µg mL−1 (∼ 10−5c∗). In addition, a small amount of
reducing agent β-mercaptoethanol (14 µM) and coupled enzymatic oxygen scavenging system
containing glucose (50 µg mL−1), glucose oxidase (0.01 µg mL−1), and catalase (0.004 µg
mL−1) are added into the entangled solution to suppress photobleaching and photocleaving of
fluorescently labeled 45 kbp DNA molecules. The semidilute unentangled solution mixture is
rotationally mixed for >20 minutes before single molecule imaging. All the solution viscosity
ηs is determined using a cone and plate viscometer (Brookfield, USA) at 22.5
◦C.
Optics and imaging. Single molecule fluorescence microscopy and imaging is per-
formed using an inverted epifluorescence microscope (IX71, Olympus) coupled to an electron-
multiplying charge coupled device (EMCCD) camera (iXon, Andor Technology). Labeled
DNA solutions are illuminated using a 50 mW 488 nm laser (Spectra-Physics, CA, USA)
directed through a 2.2 neutral density filter (ThorLabs, NJ, USA), a 488 nm single-edge
dichroic mirror (ZT488rdc, Chroma). Fluorescence emission is collected by a 1.45 NA, 100×
oil immersion objective lens (UPlanSApo, Olympus), and a 525 nm single-band bandpass
filter (FF03-525/50-25, Semrock) is used in the detection path. Finally, images are acquired
by an Andor iXon EMCCD camera (512×512 pixels, 16 µm pixel size) under frame transfer
mode at a frame rate of 33 Hz (0.030 s−1). Experimental images obtained using fluorescence
microscopy are analyzed using an in-house Matlab code based on algorithms reported in
the literature [108, 171]. The Kuhn step size of fluorescently labeled DNA is taken to be
0.132 µm[12], and the contour length of fluorescently labeled λ-DNA is approximately 21.2
µm. Also, the contour length of the full circular topology of fluorescently labeled Fos 45
DNA is approximately 20 µm, with the fully stretched length of the Fos 45 ring polymer
equal to Lcirc = 10 µm.
Microfluidic device and flow field characterization. Two-layer PDMS-based mi-
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crofluidic devices are fabricated using standard techniques in soft lithography (Figure 3.2)
[23]. In brief, the microfluidic device contains a fluidic layer situated below a control layer
containing a fluidic valve. The fluidic layer is fabricated to contain a cross-slot channel
geometry (300 µm width by 100 µm height) to generate planar extensional flow, and the
control layer contains a pressure-driven valve to control fluid flow. Strain rate and flow field
characterization are performed using particle tracking velocimetry (PTV) [22].
Average chain extension fluctuations. The average fractional chain extension fluctu-
ation quantity 〈δ〉/Lcirc is defined as:
〈δ〉
Lcirc
=
∑N
n=1
√∑tf
t90 [ln(t)− 〈ln〉]2
NLcirc
(4.1)
where ln(t) denotes the instantaneous polymer extension, 〈ln〉 denotes the time-averaged
or mean polymer extension, and N is the total number of individual trajectories in the
ensemble. Here, tf is the time at which the step strain rate input is halted, corresponding
to the instant at which the ring polymer just begins to relax as indicated by the dashed line
in Figure 4.3a-e, and t90 is defined as the time at which the fractional polymer extension
first reaches 90% of the average fractional extension at tf . Experimental data points are
discrete points with a frame rate 33 Hz, hence a summation is used instead of an integral
for continuous quantities. In this way, the initial transient stretching of ring polymers is
discarded, and we compute the chain extension fluctuation quantities only after the initial
transient phase has died out.
Autocorrelation of chain extension fluctuations. The autocorrelation function of a
real-valued, integrable fluctuating quantity x(t) is defined as:
Cx,x(λ) = 〈x(t)x(t+ λ)〉t (4.2)
where λ denotes the offset time, and 〈·〉t denotes a time-averaged quantity. To quantitatively
understand the threading dynamics the linear chains into the rings, we determined the
autocorrelation function for chain extension fluctuations. Here, we define fluctuations in
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projected extensions as the mean extension 〈l〉t subtracted from the instantaneous chain
extension l(t), such that: l′(t) = l(t)− 〈l〉t. The autocorrelation function Cl′ ,l′ is thus given
by:
Cl′,l′(λ) ≡ 〈l
′(t)l′(t+ λ)〉t
〈l′2(t)〉t =
∫∞
−∞ l
′(t)l′(t+ λ)dt∫∞
−∞ l
′2(t)dt
(4.3)
where Cl′,l′ is normalized by the autocorrelation function at zero offset time λ = 0. When
calculating the autocorrelation function, the initial transient stretching phase is discarded
based on the same criterion as the averaged fractional fluctuation quantity such that only
the fractional chain extension from t90 to tf is considered. Finally, the correlation time is
determined based on the time at which the autocorrelation function reaches zero and is
normalized by the fluid strain rate ˙.
Power spectral density (PSD). The characteristic periodic cycle of polymer motion
was further characterized by the power spectral density (PSD) of projected chain extension
l(t). The PSD is defined as:
P (f) =
∫ ∞
−∞
C(λ)l′,l′e
−2ipifλdλ (4.4)
where f is the frequency, λ is the offset time, i =
√−1, and C(λ)l′,l′ is the autocorrelation
function of the fluctuating quantity for the fractional extension l′(t) defined in Equation 4.3.
4.3 Tracer ring polymer dynamics in semidilute unentangled linear
polymer solutions
Longest relaxation time of ring polymers. We began by determining the longest re-
laxation time of ring polymers in semidilute solutions of linear unentangled polymers ranging
in concentration from 0.025 c∗ to 1.0 c∗ (Figure 4.2). In these experiments, polymer solu-
tions are subjected to a step strain protocol in planar extensional flow at a strain rate ˙.
The accumulated fluid strain (known as the Hencky strain) is given by  =
∫ t
0
˙dt′, where t is
the duration of the step strain rate input. Here, molecular relaxation data was obtained as
part of a step strain-relaxation experiment (shown in Figure 4.3), such that single chains are
exposed to at least  ≈ 20 units of strain prior to flow cessation. Prior to chain relaxation,
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ring polymers are first stretched to high degrees of extension, approximately 60-70% of the
fully stretched contour length of the circular chain Lcirc, which is taken to be half the contour
length of the corresponding linear polymer Llin. The longest relaxation time of ring poly-
mers is determined by fitting the terminal 30% of the average squared fractional extension
(lcirc/Lcirc)
2 to an exponential decay function following the cessation of flow. Here, lcirc is the
maximum fractional extension (end-to-end distance) of the polymers in the two-dimensional
flow plane.
Interestingly, our results reveal the emergence of multiple molecular sub-populations for
ring polymer relaxation in semidilute solutions. Approximately 75% of the molecular relax-
ation trajectories are well-described by a single-mode exponential decay (for 0.025, 0.1 and
1.0 c∗). In addition, a second molecular sub-population was found to exhibit a double-mode
exponential decay (Figure 4.2a). Here, the single-mode relaxation time τs is determined
from (lcirc/Lcirc)
2 = A exp(−t/τs) + B, where A and B are numerical constants. The fast
and slow double-mode relaxation times τd,1 and τd,2 are determined from (lcirc/Lcirc)
2 =
A1 exp(−t/τd,1) + A2 exp(−t/τd,2) + B, where A1, A2, and B are numerical constants. In
prior single molecule studies of linear polymer relaxation, Zhou et al.[45] observed a molec-
ular sub-population exhibiting double-mode exponential relaxation behavior, but only in
entangled solutions of linear polymers. Interestingly, here we observe multiple molecular
sub-populations with single and double-mode relaxation behavior for ring polymers in back-
ground solutions of semidilute unentangled linear chains. This behavior is qualitatively
different than the relaxation of linear polymers in ultra-dilute solutions (10−5 c∗), [12] linear
polymers in semidilute unentangled solutions [29], and ring polymers in ultra-dilute solutions
(10−5 c∗)[56, 57].
The longest relaxation times of ring and linear polymers as a function of background con-
centration of linear polymers is plotted in Figure 4.2b. To enable direct comparison with
linear chain relaxation across a wide range of concentrations, relaxation times for ring poly-
mers τs, τd,1 and τd,2, and linear polymers τlin are normalized by the their corresponding
longest relaxation times in ultra-dilute solutions (10−5 c∗), denoted as τcirc,z and τlin,z, re-
spectively. Absolute values of relaxation times are shown in Table 4.2. In dilute solutions,
ring polymers were observed to relax approximately three times faster than linear polymers
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Figure 4.2: Relaxation of single ring polymers in semidilute linear polymer solutions. (a)
Single molecule relaxation trajectories and average relaxation for molecular sub-populations
corresponding to (top) single-mode and (bottom) double-mode exponential relaxation tra-
jectories for ring polymers in a background solution of 0.1 c∗ linear chains. Black curves with
error bars (standard deviation) denote the ensemble averaged relaxation trajectory, and the
solid thin curves (color) correspond to single molecule relaxation trajectories. Molecular
ensembles consist of n = 18 molecules for single-mode relaxation and n = 13 molecules
for double-mode relaxation at 0.1 c∗. (b) Longest relaxation times (normalized to dilute
solution values) for circular (red diamonds) and linear polymers (blue squares) in semidilute
unentangled linear solutions as a function of scaled concentration c/c∗.
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Table 4.2: Characteristic relaxation times for circular and linear DNA molecules in linear
semidilute unentangled solutions. The relaxation times are scaled with the solvent viscosity
of the background linear semidilute unentangled solutions. Concentration is scaled to the
overlap concentration c∗ corresponding to linear DNA polymers (λ-DNA).
Scaled Scaled Scaled fast Scaled slow
concentration Chain single mode double mode double mode
c/c∗ topology relaxation time relaxation time relaxation time
τs (s cP
−1) τd,1 (s cP−1) τd,2 (s cP−1)
10−5 (dilute) circular 0.026 ± 0.005 - -
0.025 circular 0.025 ± 0.005 0.0055 ± 0.0012 0.050 ± 0.006
0.1 circular 0.026 ± 0.006 0.0071 ± 0.002 0.049 ± 0.012
1.0 circular 0.032 ± 0.008 0.0091 ± 0.003 0.082 ± 0.016
10−5 (dilute) linear 0.093 ± 0.014 - -
0.1 linear 0.11 ± 0.01 - -
0.5 linear 0.12 ± 0.01 - -
1.0 linear 0.13 ± 0.02 - -
*Data for linear polymers in semidilute unentangled solutions are taken from Hsiao et al.
[29].
[56]. This relation appears to approximately hold for the single-mode relaxation time τs for
rings in semidilute linear background solutions. However, the slow double-mode relaxation
time τd,2 for rings is approximately two times smaller than the longest relaxation time for
linear chains, and the fast double-mode relaxation time τd,1 for rings is substantially smaller
(factor of ∼15) compared to linear chains at the same background solution concentrations
(Table 4.2).
As shown in Figure 4.2b, as the concentration of the background linear polymer solution
is increased, the single-mode relaxation time for rings slightly increases with a power law
exponent of 0.07 ± 0.02 compared to 0.04 ± 0.02 for pure linear polymers. The slow double-
mode relaxation time τd,2 scales with concentration with a power-law exponent of 0.13 ±
0.03, and the fast double-mode relaxation scales with concentration with a similar power-law
exponent of 0.14 ± 0.02.
These results show clear differences for ring and linear chain topologies in non-dilute poly-
mer solutions. For purely linear polymer solutions with homogeneous chain topology, longest
relaxation times are described by a weak power-law dependence as a function of concentration
for c < c∗, which is consistent with prior single molecule experiments [29]. On the other hand,
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ring polymers exhibit two molecular sub-populations when relaxing in semidilute solutions
of linear chains, even at low concentrations c c∗. In particular, the single-mode relaxation
time for rings in semidilute linear solutions appears to be consistent with the power-law
scaling relation for linear chains, but we further observe a second molecular sub-population
described by double-mode exponential relaxation. This behavior is analogous to the relax-
ation behavior for homogeneous linear solutions at higher concentrations in the entangled
regime for c > ce, where ce is the critical entanglement concentration [45]. Taken together,
these results highlight the importance of chain architecture on the relaxation behavior of
polymers in non-dilute solutions.
Transient stretching dynamics of ring polymers. We next investigated the transient
stretching dynamics of ring polymers in background solutions of semidilute unentangled
linear polymers at concentrations of 0.025 c∗, 0.1 c∗, and 1.0 c∗ (Figure 4.3). The flow
strength is characterized by the Weissenberg number Wi = ˙τs, where τs is the longest
average single-mode relaxation time for a ring polymer in the corresponding background
solution concentration. In these experiments, ring polymers are first allowed to relax to an
equilibrium conformation for a duration of ≥ 2τs under zero flow conditions. At time t = 0,
the solution is exposed to a step strain rate input for a precisely controlled amount of fluid
strain . During the step strain deformation event, individual ring polymers are confined
near the stagnation point in planar extensional flow using a feedback-controlled flow device
known as a Stokes trap [22, 106]. In this way, single polymers are confined for long times
in extensional flow with minor variations to the inlet flow rates such that the strain rate is
constant, as discussed in prior work [22, 106]. Following the step strain deformation, the
flow is stopped and ring polymers relax back to thermal equilibrium, resulting in a random
coil conformation.
Transient fractional extension lcirc/Lcirc for single ring polymers is shown in Figure 4.3a-e
for 0.1 c∗ and 1.0 c∗ solutions, and Figure 4.4 for results for 0.025 c∗. In all cases, ring
polymers are exposed to an accumulated fluid strain  ≥ 25, and at least 40 single molecule
trajectories are analyzed. The ensemble-average fractional extension over all individual tra-
jectories is shown in black, and one representative single molecule trajectory in each plot
is highlighted in blue (Figure 4.3a-e). Individual ring polymers show a broad variability
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Figure 4.3: Single molecule trajectories of ring polymers show large conformational fluctu-
ations. Transient fractional extension of ring DNA polymers in semidilute unentangled linear
solutions with concentrations of 0.1 c∗ at (a) Wi=0.9, (b) Wi=1.4, and (c) Wi=2.3, and
background linear chain concentration of 1.0 c∗ at (d) Wi=1.5, and (e) Wi=3.0. Individual
single molecule trajectories are shown in gray lines and ensemble averaged trajectories are
shown in a black line. A characteristic individual single molecule trajectory is highlighted in
blue line. Molecular ensembles consist of n = 24, n = 25, and n = 33 molecules, respectively
for Wi=0.9, 1.4, and 2.3 at 0.1 c∗, and n = 38 for both Wi=1.5 and Wi=3.0 at 1.0 c∗.
The dashed line indicates the time at which the step strain input is stopped. (f) Magnitude
of ring polymer conformational fluctuations as a function of Wi, plotted as average frac-
tional fluctuation values, such that average chain extension fluctuations 〈δ〉 are normalized
by the contour length of ring polymers Lcirc and linear polymers L, respectively. Data for
ring polymers in dilute solution, 0.025 c∗ linear semidilute solution, 0.1 c∗ linear semidilute
solution, and 1.0 c∗ linear semidilute solution are denoted as dark cyan right triangle, dark
red diamond, red up triangle, and magenta down triangle, respectively. Data for 1.0 c∗
linear polymers (black circle) are taken from prior work [29]. Error bars represent standard
deviation.
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Figure 4.4: Transient fractional extension of ring DNAs in semidilute unentangled linear
solutions with background linear chain concentration of 0.025 c∗ at (a) Wi=0.8 and (b)
Wi=1.5. Molecular ensembles consist of N = 32 and N = 31 molecules respectively.
in transient stretching dynamics. Remarkably, large chain conformational fluctuations are
observed at all Wi and for all background solution concentrations at 0.025 c∗, 0.1 c∗, and 1.0
c∗. Here, dramatic fluctuations in ring extension are observed long after the initial transient
stretching process has passed, with large conformational fluctuations continuing well beyond
accumulated fluid strains  ≥ 8. We note that such large magnitude conformational fluctu-
ations are not observed for ring polymers in dilute solution [56] or for pure linear polymers
in semidilute solution [29]. This dynamic behavior suggests that ring polymers do not reach
a true steady-state chain extension in extensional flows of semidilute solutions, unlike pure
solutions of linear chains in the semidilute regime, where single polymers are observed to
reach a steady-state extension in extensional flow [29]. Interestingly, large conformational
fluctuations are observed for isolated linear polymers in shear flow, albeit with a completely
different physical origin due the rotational flow component coupled with the extensional
component in simple shear flow [13].
The magnitude of chain extension fluctuations is quantified in terms of an average fluctu-
ation in fractional chain extension 〈δ〉/Lcirc (Materials and methods). In brief, this quantity
provides a measure of the magnitude of conformational extension fluctuations for a sin-
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gle chain after the initial transient stretching phase in extensional flow, averaged over the
molecular ensemble for a given Wi and background solution concentration. Chain extension
fluctuations are calculated for rings 〈δ〉/Lcirc and compared to fluctuations 〈δ〉/L for pure lin-
ear semidilute solutions, as shown in Figure 4.3f. Chain extension fluctuations increase with
increasing concentration of background linear chains from the ultra-dilute regime dilute 10−5
c∗ to 1 c∗. Importantly, ring polymers show large conformational fluctuations in semidilute
linear solutions, and the magnitude of chain extension fluctuations significantly increases
near the coil-stretch transition (CST), corresponding to Wi ≈ 0.5. On the other hand,
relatively small chain fluctuations are observed in pure linear solutions even at 1 c∗. This
supports the observation that chain conformational fluctuations is unique to ring polymers,
which is likely due to the threading of linear chains into rings, even at low concentrations of
background linear chains such that c c∗.
A characteristic dynamic trajectory for a single ring polymer in a 1.0 c∗ semidilute linear
solution at Wi = 3.0 is shown in Figure 4.5a. Corresponding single polymer snapshots
are shown in Figure 4.5b, where Roman numerals denote the peak and trough positions
on the single molecule trajectory in Figure 4.5a. From a qualitative perspective, dynamic
stretching trajectories of single ring polymers appear to show an apparent characteristic
periodic frequency in chain extension fluctuations. In particular, the characteristic timescale
for extension fluctuations can be quantified by determining the autocorrelation function and
power spectral density (PSD) as shown in Figure 4.6. The timescale is found to be 2.8
seconds (corresponding to 4.4 strain units) for the trajectory in Figure 4.5a, and the PSD
curve in Figure 4.6b shows a characteristic peak at 0.35 Hz that corresponds well with the
periodic timescale of 2.8 seconds (Figure 4.6a). This low frequency peak also indicates the
conformational fluctuation is convection dominated. The PSD curve decays with a power
scaling of -2.6 towards higher frequency, and it is important to note that the PSD resolution
at higher frequency might be limited as the maximum sampling rate is limited to 33 Hz.
These effects are further quantified and analyzed for additional molecular trajectories, as
discussed below.
We conjecture that large magnitude chain extension fluctuations arise due to transient
threading of linear polymers in the background solution into partially stretched, open con-
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Figure 4.5: Characteristic transient stretching trajectory and single molecule snapshots.
Experimental data shows large magnitude extension fluctuations for ring polymers in ex-
tensional flow. (a) Representative single molecule trajectory for a ring polymer in 1.0 c∗
semidilute unentangled linear polymer solution at Wi = 3.0. The characteristic timescale
between each peak is 2.8 s corresponding to 4.4 strain units. Source data are provided as
a Source Data file. (b) Single molecule snapshots of the ring polymer corresponding to the
trajectory in (a), where the Roman numerals correspond to individual time points along the
trajectory. Scale bar = 2.5 µm.
97
Figure 4.6: (a) Autocorrelation of fluctuations in ring polymer extension after the initial
transient phase for Figure 4.5a at Wi = 3.0 and background concentration of 1.0 c∗. The
characteristic timescale between peaks of the autocorrelation curve is denoted as τ , and
τ = 2.8 s. (b) Power spectrum density of ring polymer extension fluctuations in Figure 4.5a
shows a characteristic peak at frequency f = 0.35 Hz.
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formation ring polymers. The transport of linear chains into open ring polymers partially
stretched by flow leads to repeated and continuous hooking and unhooking events of linear
chains threading into ring polymer backbones, which leads to repeated cycles of transient
chain extension (hooking) and retraction (unhooking) for a given ring polymer in extensional
flow. From this view, threading events are highly dynamic in the presence of fluid flow.
Probability distributions of transient chain stretching. We further characterized
the probability distribution of ring polymer extension in flowing solutions of semidilute lin-
ear chains (Figure 4.7). Here, we consider chain extension distributions for accumulated
fluid strain  > 10, focusing only on ring polymer dynamics long after the initial transient
stretching phase has ended. A broad distribution of polymer fractional extension is observed
for ring polymers in semidilute linear solutions in extensional flow. Importantly, these ob-
servations greatly contrast with the behavior of pure homogeneous linear polymers. For
example, most linear polymers are stretched to fractional extensions llin/L > 0.6 in 1.0 c
∗
linear background solutions at Wi=1.0, whereas ring polymers exhibit a broad distribution
in fractional extension centered around a fractional chain extension of lcirc/Lcirc ≈ 0.3 (Figure
4.7c). The probability distribution of ring polymer extension shifts slightly to higher frac-
tional extensions upon increasing the accumulated fluid strain, but the distributions in ring
polymer extension remain noticeably broad. We attribute the broad distributions in ring
polymer extension to the effect of dynamical threading facilitated by flowing linear polymer
chains, which results in large magnitude chain extension fluctuations and broad probability
distributions of extension.
Autocorrelation of chain fluctuations. We analyzed the transient conformational
fluctuations of ring polymers in flow by determining the autocorrelation of chain extension
fluctuations (Materials and methods). In brief, the autocorrelation for chain extension fluc-
tuations was determined based on the instantaneous value of chain extension relative to the
mean extension after the initial transient stretching phase in extensional flow. Ensemble-
averaged autocorrelation functions for ring extension fluctuations as a function of Wi and
solution concentration are shown in Figure 4.8a. Our results show that the conformational
fluctuations of rings exhibit a slower decay and increased correlation time as opposed to
a sharp decay occurring over randomly distributed timescales. Upon decreasing Wi at a
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Figure 4.7: Probability distribution of ring polymer extension. Experimental data shows
ring polymers (red bars) in background solutions of semidilute linear polymers at concentra-
tions of 0.1 c∗ and 1.0 c∗ and accumulated fluid strains of =10, =15, =20, =25. Molecular
ensembles consist of (a) n = 24, (b) n = 25, (c) n = 38, and (d) n = 38 molecules. Data for
1.0 c∗ linear polymers (gray bars) are from Hsiao et al. [29].
100
Figure 4.8: Quantitative analysis of ring polymer conformational fluctuations. (a) Auto-
correlation of fluctuations in ring polymer extension as a function of Wi and background
concentration after the initial transient phase. Molecular ensembles consist of n = 200
molecules for dilute linear chains (black solid line); n = 32 and n = 31 for Wi = 0.8 (red
solid line) and Wi = 1.5 (green solid line) at 0.025 c∗; n = 24, n = 25, and n = 33 for
Wi = 0.9 (blue solid line), Wi = 1.4 (cyan solid line), and Wi = 2.3 (magenta solid line)
at 0.1 c∗; n = 38 for Wi = 1.5 (dark yellow solid line) and Wi = 3.0 (navy solid line) at
1.0 c∗. (b) Characteristic correlation time (black diamond) of ring polymer fluctuations at
Wi = 1.5 as a function of background solution concentration. Error bars represent standard
deviation. Molecular ensembles consist of n = 31, n = 25, n = 38 molecules, respectively
from 0.025 c∗ to 1.0 c∗. (c) Schematic of two linear polymers threading into a ring polymer
in planar extensional flow.
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constant background concentration (Figure 4.8a), or increasing background polymer con-
centration at constant Wi (Figure 4.8b), the autocorrelation function decays with a longer
timescale. This indicates that in an average sense, the probability of interchain interactions
increases with increased concentration of linear chains in the background solution. These
results are consistent with the general trends in the magnitude of the average ring extension
fluctuation, as shown in Figure 4.3f. The correlation time for threading fluctuations ranges
between 2 to 5 strain units for different values of Wi and background concentration.
Interestingly, the ensemble-averaged autocorrelation functions shown in Figure 4.8a do not
reflect the apparent regular periodic nature exhibited the characteristic molecular trajectory
shown in Figure 4.5a. For any molecular-level process, one would expect a distribution
of dynamic behavior across the molecular ensemble due to the role of stochasticity. With
this in mind, it is likely that one sub-population of ring polymers will exhibit fairly regular
threading/unthreading events, but other sub-populations might show intermittent threading.
In other words, conformational fluctuations can be more irregular during the limited amount
of strain that we impose on (and observe over) for the tracer ring polymers. For example,
a linear chain could thread and unthread over distributed timescales, which could in some
cases be followed with a long time before the next threading occurs, depending on the
background polymer concentration. In this case, the autocorrelation function for this class
of molecular trajectories will not be perfectly periodic, which results in a loss of periodicity
in the ensemble-averaged autocorrelation functions.
Average unsteady stretch of ring polymers. Based on these results, it is clear that
ring polymers exhibit large conformational fluctuations in semidilute solutions, even long
after the initial transient stretching phase has ended. We determined an average unsteady
fractional extension for ring polymers in extensional flow (Figure 4.9), analogous to a method
used in determining average unsteady polymer stretch in large amplitude oscillatory exten-
sion [22, 23]. Here, we define average unsteady chain extension as the average value of
fractional extension for accumulated fluid strains  > 10, again focusing on ring polymer
dynamics long after the initial transients have died out. For direct comparison, we also plot
the average steady fractional extension for linear polymers in dilute solution [29, 56], ring
polymers in dilute solution [56], and semidilute pure solutions of linear polymers at 1.0 c∗ in
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Figure 4.9: Steady and average unsteady fractional extension of linear and ring polymers
in extensional flow. Experimental data for ring polymers in semidilute unentangled linear
solutions at 0.025 c∗, 0.1 c∗, and 1.0 c∗ are shown in dark red hexagon, red up triangle, and
magenta down triangle, respectively. Experimental data for dilute ring polymers (dark cyan
right triangle) are taken from Li et al. [56], and data for 1.0 c∗ linear polymers (blue circle)
are taken from Hsiao et al. [29]. Molecular ensembles consist of at least n ≥ 35 molecules at
each concentration and error bars represent standard deviation.
extensional flow (Figure 4.9) [29]. Unlike linear polymers, ring polymers in dilute solutions
show a slightly shifted coil-stretch transition (CST) due to intramolecular hydrodynamic
interactions (HI) between the two strands under planar extensional flow [56, 57]. Prior work
also found that semidilute solutions of pure linear chains solutions exhibit slightly inhibited
steady fractional extensions and a larger critical Weissenberg number at the CST (defined
as Wic), which is approximately 1.6 times larger than that for linear polymers in dilute
solutions [29].
Interestingly, our results show that the average unsteady fractional extension for ring
polymers in semidilute linear solutions is significantly delayed with a marked increase in Wic
at the CST (Figure 4.9). We can estimate Wic for ring polymers in semidilute solutions based
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on the average fractional extension at CST, given by 〈l˜c〉 = 〈lc〉/Lcirc, which is calculated
in a logarithmic scale between the coiled and stretched states such that ln〈l˜c〉2 = (ln〈l˜0〉2 +
ln〈l˜max〉2)/2 [29, 172]. Here, l˜0 = 〈l0〉/Lcirc is the equilibrium fractional extension of ring
polymers and l˜max = 〈lmax〉/Lcirc is the maximum fractional extension observed for ring
polymers in our experiments. In this way, the critical Weissenberg number at the CST
for ring polymers is found to be Wic = 0.8, Wic = 0.9, and Wic = 1.5 in semidilute
linear solutions with concentrations of 0.025 c∗, 0.1 c∗, and 1.0 c∗, respectively. Clearly,
polymer architecture and concentration impact the dynamics of ring polymers in extension
flow, thereby influencing both the critical Weissenberg number at the CST and the average
unsteady stretch of polymers in flow.
4.4 Discussions
Understanding the effect of molecular architecture on the dynamics of polymers with
different chain topologies is an intriguing problem in soft materials. In the context of linear-
ring blends, prior work has focused on the near-equilibrium properties of ring polymers in
concentrated solutions or melts, but less is understood about the nonequilibrium dynamics of
these materials. In this work, we use single molecule methods to study the dynamics of ring
polymers in background solutions of semidilute linear polymers. These experiments reveal
large magnitude extension fluctuations of rings in non-dilute solutions. In prior studies,
the proposed mechanism of chain threading has been deduced from indirect measurements
based on increased zero-shear viscosity [152], changes in the plateau modulus [53], or reduced
diffusion coefficients [162]. Our work, however, provides molecular-level evidence of chain
threading into open conformations of ring polymers in flow.
Remarkably, our results show that fluctuations in ring polymer extension occur in back-
ground solutions of linear chains at concentrations as low as 0.025 c∗, which is the lowest
concentration tested in this work. These results suggest that even a small amount of linear
chains can be transported through ring polymers in extensional flow, thereby leading to fluc-
tuations in chain extension. On the other hand, evidence of chain threading at equilibrium
(no flow) is typically observed only at much higher solution concentrations [173], in stark
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contrast with our findings under nonequilibrium conditions. It is known that anisotropy in
molecular extension due to flow can lead to an increase in local concentration [174]. For
instance, the overlap concentration c∗ is defined as c∗ = M/[(4pi/3)R3NA], where M is the
molecular weight and R is the size of the molecule. At equilibrium, R is taken as the radius of
gyration for the molecule such that R = Rg. However, under nonequilibrium flow conditions,
the spatial extent (or average molecular size) of linear chains in the background are much
larger than the equilibrium coil size. Given an increase in molecular size due to stretching in
flow, the overlap concentration in flow can be surprisingly smaller than that at equilibrium,
as c∗ scales with chain size such that c∗ ∼ R−3 [175]. Assuming that linear DNA polymers in
the background solution are stretched to approximately 30% of the polymer contour length in
extensional flow, a solution concentration of 0.025 c∗ at equilibrium corresponds to approxi-
mately 5 c∗ in extensional flow, which could conceivably result in appreciable intermolecular
interactions and polymer chain threading. These arguments can be further rationalized by
considering intermolecular distances in semidilute solutions. At equilibrium, linear λ-DNA
molecules can be modeled as uniformly dispersed spherical particles, yielding a mean shortest
distance between particles of approximately 0.5 - 2 µm at 0.025 c∗ (1.2 µg mL−1), assuming
Rg ≈ 0.7 µm [176, 177]. On the other hand, if the background linear DNA molecules are
stretched to 30% of their contour length in extensional flow, the radius-of-gyration of the
linear chains increases by a factor of 4 [178]. In this way, the process of polymer stretching
in flow leads to an increase in particle size greater than the interparticle distance, thereby
causing the linear chains to overlap. To this end, observation of ring polymer fluctuations
provides further evidence that only a small fraction of linear chains is required to alter the
rheological response of ring polymers [53, 153, 155, 157, 179].
The dynamic behavior of ring polymers in semidilute linear solutions starkly contrasts
with the dynamics of ring or polymers in ultra-dilute solution extensional flows, where the
extension fluctuations are generally largest near the coil-stretch transition. In particular, the
magnitude of ring polymer extension fluctuations increases with increasing concentration of
linear polymers in the background solution (Figure 4.3f). Moreover, chain fluctuations dras-
tically increase when the flow strength is above the critical Wi at the coil-stretch transition,
when most of the ring polymers are appreciably stretched. Upon increasing Wi, the mag-
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nitude of chain extension fluctuations eventually plateaus for both ring and linear polymers
in semidilute solutions, despite large differences in the fluctuation magnitude.
Based on these results, we hypothesize that ring polymers undergo a dynamic chain thread-
ing mechanism as illustrated in Figure 4.8c. As ring polymers are stretched in extensional
flow, the circular topology opens up, which allows for linear polymer chains in the back-
ground solution to be transported into open rings, thereby resulting in transient threading
events. In turn, this dynamic behavior results in transient hooked structures of linear chains,
as shown in Figure 4.8c. Such conformations result in enhanced frictional drag due to the
threaded linear chains. Moreover, the hooked conformation of linear chains is known to be
fairly sluggish to unravel in extensional flow [12], which provides a finite time over which
the hydrodynamic drag on the ring-linear polymer structure is increased, thereby resulting
in ring polymer stretch to extensions larger than the mean value. On the other hand, when
the linear chains finally unhook from ring chain, the enhanced hydrodynamic drag instanta-
neously vanishes, resulting in a decrease in fractional extension. During this process, linear
chains are continually transported into open ring polymers, which results in repeated hook-
ing and unhooking events with associated fluctuations in chain extension. However, it is
important to note that the threaded states are not necessarily limited to a doubly-threaded
state as illustrated in Figure 4.8c. It is possible that multiple simultaneous hooking and
unhooking events could result in either singly-threaded as well as multiply-threaded states
[166].
Our results further reveal the existence of two molecular sub-populations for ring relax-
ation. One sub-population exhibits single-mode relaxation behavior, which we attribute
to ring polymers that are not associated with a threaded linear polymer. On the other
hand, the emergence of a second molecular sub-population with double-mode relaxation be-
havior for ring polymers suspended in a solution of semidilute linear chains likely results
from interactions with threaded linear chains. The occurrence of double-mode relaxation
behavior increases upon increasing background linear chain concentration, indicating higher
probabilities of interactions with threaded linear chains as shown in Figure 4.10. Prior to
flow cessation, our results suggest that a large fraction of ring polymers have at least one
threaded linear polymer. Immediately following cessation of flow, a hooked linear chain is
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Figure 4.10: Probability distribution of double mode relaxation and single mode relaxation
for tracer ring polymers at Wi = 1.5 under different background linear polymer concentra-
tions. Molecular ensembles consist of N = 31, N = 25, N = 38 molecules, respectively.
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Figure 4.11: Single molecule trajectories of ring polymers show large conformational fluc-
tuations. Transient fractional extension of ring DNA polymers in semidilute ring-linear
solutions with 83% ring polymers and 17% linear polymers concentrations of 50 µg/mL (1.0
c∗) at (a) Wi=0.6, (b) Wi=1.1, and (c) Wi=1.4. A characteristic individual single molecule
trajectory is highlighted in blue line. The dashed line indicates the time at which the step
strain input is stopped.
able to quickly retract along with the partner ring polymer, which could account for the
fast double-mode timescale. Moreover, the slow double-mode timescale is longer than the
single-mode relaxation time for rings, which is suggestive of complex ring-linear threading
interactions during terminal relaxation.
4.5 Tracer ring polymer dynamics in semidilute ring-linear polymer blends
Transient stretching dynamics and autocorrelation of chain fluctuations. We
further extend our studies to tracer ring dynamics in semidilute solutions of ring-linear blend
solutions. These experiments are conducted following the same procedure as described in
materials and methods section. However, while tracer ring molecules remain to be 45 kbp
ring DNA, the background solution now contains 83% ring 45 kbp DNA and 17% linear 45
kbp DNA at 50 µg/mL, which corresponds to approximately 1 c∗ for pure linear 45 kbp DNA
solutions. Transient fractional extension lcirc/Lcirc at different Weissenberg number using the
same step strain rate protocol is shown in Figure 4.11.
The magnitude of chain extension fluctuations is quantified in terms of an average fluc-
tuation in fractional chain extension 〈δ〉/Lcirc (Materials and methods). Chain extension
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fluctuations are calculated for rings 〈δ〉/Lcirc and compared to fluctuations 〈δ〉/L for pure
linear semidilute solutions, as shown in Figure 4.12. Chain extension fluctuations increase
significantly with increasing percentage of background linear chains at the same solution
concentration of 1.0 c∗. Importantly, ring polymers show large conformational fluctuations
in semidilute linear solutions, and the magnitude of chain extension fluctuations significantly
increases near the coil-stretch transition (CST), corresponding to Wi ≈ 0.5. On the other
hand, relatively small chain fluctuations are observed in pure linear solutions even at 1 c∗.
Interestingly, chain fluctuations are greatly suppressed when the majority of background
polymers are ring polymers. This supports previous observation that chain conformational
fluctuations is unique to ring polymers, which is likely due to the threading of linear chains
into rings. This interaction is also unique between ring and linear polymers, as with in-
creased concentration of ring polymers in the background, conformational fluctuations of
ring polymers is greatly suppressed.
Comparing to the fractional extension of ring polymers in semidilute linear polymer solu-
tions at 1.0 c∗ (Figure 4.3d,e), the fractional extension of ring polymers in 83% ring polymer
background (Figure 4.11) not only show smaller fluctuation quantity, bus also show higher
fluctuation frequencies with more peaks and valleys. We further analyzed the trajectories by
taking the autocorrelation functions as shown in Figure 4.13a. With increased ring polymers
in the background, the correlation time decrease to nearly half the autocorrelation time for
ring polymers in 100% linear polymer solution Figure 4.13b.
Average unsteady stretch of ring polymers. With increased ring polymers in the
background, the average fractional extension of the tracer ring polymers also increases sig-
nificantly as shown in Figure 4.14. This could because of the reason that with more ring
polymers in the background, there are less possibilities forming transient ‘hooked’ structure
between ring and linear polymers, which would greatly hinder the extension of rings. There-
fore, in 83% ring-17% linear polymer solutions, tracer ring polymers are stretched to higher
extension.
Relaxation dynamics of ring-linear polymer blends. Both single and double mode
exponential decay are found for ring polymers in 83%ring-17%linear polymer solutions. The
scaled single mode relaxation time (with background solvent viscosity), τs is measured to be
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Figure 4.12: Magnitude of ring polymer conformational fluctuations as a function of Wi,
plotted as average fractional fluctuation values, such that average chain extension fluctua-
tions 〈δ〉 are normalized by the contour length of ring polymers Lcirc and linear polymers L,
respectively. Data for 1.0 c∗ linear polymers (black circle) are taken from Hsiao et al. [29].
Error bars represent standard deviation.
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Figure 4.13: Quantitative analysis of ring polymer conformational fluctuations. (a) Auto-
correlation of fluctuations in ring polymer extension as a function of Wi for ring polymers
in 83%ring-17%linear blend solutions. (b) Characteristic correlation time (black diamond)
of ring polymer fluctuations at Wi = 1.5 as a function of background polymer solution
composition.
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Figure 4.14: Steady and average unsteady fractional extension of linear and ring polymers
in extensional flow. Experimental data for ring polymers in semidilute unentangled linear
solutions at 1.0 c∗ with 83% ring-17% linear polymers and 0% ring-100% linear polymers.
Experimental data for dilute ring polymers are taken from Li et al. [56], and data for 1.0
c∗ linear polymers are taken from Hsiao et al. [29]. Molecular ensembles consist of at least
n ≥ 35 molecules at each concentration and error bars represent standard deviation.
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Figure 4.15: Probability distribution of double mode relaxation and single mode relaxation
for tracer ring polymers at Wi = 1.5 under 83%ring-17%linear polymer solutions and 0%ring-
100%linear polymer solutions at 1.0 c∗.
0.034±0.007 s/cP. The scaled fast double mode relaxation time, τd,1 = 0.010±0.002 s/cP, and
the scaled slow double mode relaxation time, τd,2 = 0.084±0.008 s/cP. Hence, the relaxation
time for ring polymers in 50 µg/mL 83% ring-17% linear polymer solution (green diamond)
is comparable to that in 100% pure linear polymer solution (blue cross diamond) as illus-
trated in Figure 4.16 and Table 4.2. However, the percentage of single mode exponential
decay is increased and the percentage of double mode exponential decay is greatly decreased
(Figure 4.15). This could again due to the less formed ‘hooked’ transient structures upon
the cessation of the flow.
Next, we further increase the concentration of ring-linear blends to higher concentration
to the cross-over regime between semidilute unentangled and semidilute entangled solutions.
The ring-linear blend solution here contains 75% ring polymers and 25% linear polymers.
As shown in Figure 4.16, nearly all ring polymers show only single mode relaxation behavior
at concentrations of 151.2 µg/mL and 260.4 µg/mL (black diamond) with lower single mode
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Figure 4.16: Normalized longest relaxation times τ/τz as a function of scaled polymer
concentration c/c∗. Power-law relaxation time scaling behavior across the semidilute unen-
tangled and entangled regimes.
relaxation time compared to that of linear polymers at similar concentration (gray hexagon).
One explanation to this observation is that with less linear polymers in the background,
tracer ring polymers are less likely to interact and form transient ‘hooked’ structures that
could lead to double mode relaxation [59]. In addition, at this cross-over regime into more
concenrated solutions, we propose the absence of double mode relaxation could also due to
the effect of unique chain topology such that ring polymers in the background could not
form entanglements and reptate the same way as linear polymer chains [180]. Interestingly,
ring polymers exhibit a higher power law scaling coefficient of 1.9 comparing to 1.5 for linear
polymers (single mode).
Unexpectedly, even linear polymers exhibit only single mode relaxation in 83% ring-17%
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linear polymer blends at concentration of 500 µg/mL (magenta pentagon, Figure 4.16).
This contrasts starkly with the heterogeneous relaxation behavior of pure entangled linear
polymer solutions, which again supports our hypothesis that with ring polymers do not
reform entanglements as linear polymers do [45] in solution after the cessation of planar
extensional flow. To this end, all these interesting findings deserve more investigation for a
full physical picture on the molecular level in the near future.
4.6 Conclusions
In this chapter, we directly observe the dynamics of ring polymers in semidilute linear poly-
mer solutions using single molecule fluorescence microscopy. Ring polymers exhibit broad
distributions in extension as a function of accumulated fluid strain, which contrasts with the
behavior of their linear counterparts. We attribute large conformational chain fluctuations to
the transient threading of linear polymers into open ring conformations in flow. Quantitative
analysis of ring fluctuations reveals a characteristic frequency or timescale associated with
extension fluctuations, which is analyzed as a function of Wi and concentration of polymer
chains in the background solution. Based on these results, we propose a transient hooking
mechanism for linear polymer threading into ring polymers in flow. In this way, the continu-
ous hooking and unhooking of linear chains leads to the significant chain fluctuations in ring
polymers in flow. We further extend our studies to semidilute ring-linear blend solutions
at different concentrations, and observed different percentage of ring polymers in the back-
ground blend solutions will greatly alter the dynamics of tracer ring polymers. From a broad
view, our results provide key molecular insights into the dynamics of ring polymers in ring-
linear blends, which is a major stride forward in our understanding of non-dilute polymer
solutions with mixed ring/linear topologies. In the future, we will continue our investigations
focusing on the flow dynamics of ring-linear blends as a function of concentration to further
elucidate the physics and properties of these intriguing systems.
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CHAPTER 5
CONCENTRATION-DRIVEN ASSEMBLY AND SOL-GEL
TRANSITION OF pi-CONJUGATED OLIGOPEPTIDES
5.1 Introduction
Self-assembled 1D structures such as nanowires or nanofibers based on synthetic materials
exhibit enhanced anisotropic physical or electronic properties in a single dimension [69, 78].
For example, by carefully programming pi−conjugated aromatic units into the organic build-
ing blocks, self-assembled 1D structures show the ability to transport charge carriers over
long distances under pulse-radiolysis [70]. These materials hold the potential to serve as
candidate materials for advanced soft semiconducting optoelectronic devices [71]. To this
end, aromatic units with electron/hole transport capabilities can be appended to oligopep-
tide sequences to form well-defined monodisperse subunits with H-bonding motifs [72, 73].
Peptide-pi-conjugated hybrid systems could potentially outperform conventional synthetic
pi-conjugated systems in terms of structural diversity, sequence controllablity, and functional
tunablity. In particular, synthetic oligopetides with pi-conjugated cores generally show ex-
cellent processability in aqueous solutions and were shown to demonstrate hole transport
capabilities, thereby providing promising candidate materials for field-effect transistors [74].
Although the kinetics of self-assembly is known to affect the emergent properties of pi-
conjugated oligopeptides [76, 181], the molecular mechanisms underlying assembly are not
yet fully understood. Previous work has shown that pi-conjugated oligopeptides self-assemble
into fiber-like structures in acidic conditions due to the formation of H-bonding interactions
between peptide flanking sequences [72, 182]. For peptides rich in acidic residues (e.g. aspar-
tic acid, glutamic acid), enthalpic H-bonding driving forces dominate the assembly process
in acidic conditions due to electrostatic screening effects [72]. From this view, acid-driven as-
sembly has been used as the primary method to induce self-assembly for this class of materials
in prior work [72, 76, 181, 182]. Under kinetically-dominated (or reaction-controlled) condi-
tions, acid-driven assembly generally results in rapid molecular assembly, completing within
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seconds and occurring across an extremely narrow pH window [76]. Under these conditions,
it can be challenging to experimentally assess the role of additional enthalpic driving forces
such as pi-pi stacking interactions and entropic driving forces such as hydrophobic effects,
both of which are known to contribute to the self-assembly process [72]. Moreover, the vast
majority of prior work has focused on investigating material properties after self-assembly
process has completed, which generally occurs long after the critical sol-gel transition. Hence,
in order to fully understand how molecular-scale interactions govern the overall self-assembly
process, we aim to study the mechanical and optical properties of these materials through
the sol-gel transition using a mild triggering scheme based on peptide concentration with a
tunable parameter window.
Previously, we have studied and controlled the self-assembly kinetics of synthetic oligopep-
tides containing two different pi-conjugated cores (quarterthiophene and perylene diimide)
using acid-vapor-driven assembly [76] as well as aligning the assembled structures using col-
loidal microchannels [77]. In this chapter, we focus on demonstrating and investigating the
concentration-driven assembly of synthetic oligopeptides using a combination of structural
and optical tools including particle tracking microrheology (PTM) [183], confocal fluores-
cence microscopy, circular dichroism (CD), and cryo-electron microscopy. We monitor the
self-assembly process in situ for pi-conjugated oligopeptides under near-equilibrium condi-
tions, without the need for triggering assembly by addition of acid. Our results show that
pi-conjugated oligopeptides assemble into fiber-like structures upon increasing oligopeptide
concentration under aqueous, pH-neutral conditions, even in the absence of electrostatic
screening of charged amino acid residues. Microrheology and optical spectroscopy reveal
a critical fiber formation concentration (cfiber=0.1 mg/mL) and a critical gel concentra-
tion (cgel=1 mg/mL) for quarterthiophene peptides, as well as a critical diffusive exponent
αcrit=0.78±0.04 for the onset of gelation. Using PTM, the linear viscoelastic moduli of the
assembled structures are determined across a wide range of peptide concentrations, which
clearly elucidates the sol-gel transition for these materials. Moreover, we find that the molec-
ular structure of the pi-conjugated core greatly affects the self-assembly process. Interestingly,
oligopeptides containing oligothiophene cores are observed to assemble into large, micron-
scale fibers with β-sheet rich morphologies upon increasing peptide concentration. On the
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other hand, oligopeptides containing bulky perylene diimide cores with steric constraints are
generally inhibited for assembling into large fibers at neutral pH. Taken together, the com-
bined characterization approach presented in this paper proves to be a powerful method in
detecting and monitoring the self-assembly process, and our results could be useful in guiding
the design and development of synthetic pi-conjugated oligopeptides for future applications
in optoelectronic materials.
5.2 Materials and methods
Materials. Two different sequence-defined synthetic oligopeptides with pi-conjugated
cores were synthesized using solid phase peptide synthesis (SPPS), as previously described
[184, 185]. Synthetic oligopeptides contained either a quaterthiophene (OT4) core or a
perylene diimide (PDI) core situated between symmetric flanking oligopeptides with a pri-
mary amino acid sequence Asp-Phe-Ala-Gly. The overall sequence of the pi-conjugated
oligopeptides is HO-DFAG-OT4-GAFD-OH (abbreviated as DFAG-OT4) and HO-DFAG-
PDI-GAFD-OH (abbreviated as DFAG-PDI).
Multiple particle tracking microrheology. DFAG-OT4 and DFAG-PDI peptides were
dissolved in distilled, deionized water (Millipore, conductivity 18 MΩ·cm). An aqueous solu-
tion of peptide (50 µL) containing 2 v/v% fluorescent polystyrene tracer particles (diameter
d = 0.84 µm, Spherotech) is added to the center of a petri dish with cover glass bottom (Flu-
oroDish). A layer of silicone oil (dynamic viscosity η=1000 cP at T=22.5 ◦C, Sigma Aldrich)
is slowly added on top of the aqueous peptide droplet as a barrier to prevent evaporation.
Imaging is performed using an inverted fluorescence microscope (IX71, Olympus) coupled
to a standard charge-coupled device (CCD) camera (Grasshopper3, Point Grey). Samples
are illuminated using a 100 W mercury arc lamp (USH102D, UShio) directed through a
12% neutral density filter (Olympus), a 535 nm band-pass excitation filter (HQ535/30m,
Chroma), and a 550 nm single-edge dichroic mirror (Chroma). Fluorescence emission is
collected by a 1.4 NA 63× oil immersion objective lens (UPlanSApo, Zeiss), and a 585 nm
emission filter (D585/30m, Chroma) is used in the detection path. For each experiment,
the motion of at least 100 in-frame particles is acquired using a CCD camera (1024×1024
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pixels, 5.86 µm pixel size) for ∼1000 frames at a frame rate of 59 Hz for enhanced short-
time resolution. All experiments are conducted at T=22.5 ◦C. The center-of-mass positions
of tracer particles are determined using a custom matlab program, and particle positions
in consecutive video frames are linked to form trajectories [108, 186]. Static errors during
microrheology experiments are determined by tracking the MSD of probe particles arrested
in 3% w/w agarose gel, which is used to correct particle trajectories [187, 188]. Assembled
peptide structures are not affected by the addition of probe particles, which suggests that
the particles generally exhibit minimal non-specific interactions with the peptides in solution
[189].
Structural and Optical Characterization. Cryo-electron microscopy (cryo-EM) was
used for structural characterization of assembled peptides. In these experiments, pi-conjugated
oligopeptide samples are rapidly frozen using liquid nitrogen, dried under vacuum to max-
imally retain sample morphology in solution, and imaged using a Hitachi S4800 high-
resolution Scanning Electron Microscope (SEM). Confocal fluorescence microscopy was also
used for optical and structural characterization of microstructure. In these experiments, a
multiphoton confocal microscope (Zeiss 710) was used to determine the fluorescence emission
spectra of both unassembled and assembled DFAG-OT4 and DFAG-PDI. Here, DFAG-OT4
samples were illuminated using two-photon excitation at a wavelength of 780 nm using a Ti-
Sapphire laser (Mai-Tai, Spectraphysics), and DFAG-PDI samples were illuminated using
one-photon excitation at a wavelength of 405 nm. UV-Vis absorption spectra were deter-
mined using Cary 5000 UV-Vis spectrometer (Agilent). Circular dichroism (CD) spectra
were obtained using a JASCO J-815 CD spectrometer.
5.3 Concentration-driven assembly and sol-gel transition
Microrheology of peptide solutions: MSDs and critical exponent. We studied
the self-assembly of two different sequence-defined synthetic oligopeptides with pi-conjugated
cores (Figure 5.1). In particular, synthetic oligopeptides were designed to contain either a
quaterthiophene (OT4) core or a perylene diimide (PDI) core situated between symmetric
flanking oligopeptides with a primary amino acid sequence Asp-Phe-Ala-Gly. The over-
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Figure 5.1: Investigating the self-assembly of pi-conjugated oligopeptides at neutral pH.
(a) Chemical structures of DFAG-OT4 and DFAG-PDI. (b) Schematic of the experimental
setup for multiple particle tracking microrheology (PTM). (c) Characteristic image of tracer
particles (diameter d = 0.84 µm) diffusing in a peptide matrix from fluorescence microscopy.
all sequence of the pi-conjugated oligopeptides is HO-DFAG-OT4-GAFD-OH (abbreviated
as DFAG-OT4) and HO-DFAG-PDI-GAFD-OH (abbreviated as DFAG-PDI), as shown in
Figure 5.1a.
We began by using multiple particle tracking microrheology (PTM) to study the sol-gel
transition of oligopeptide solutions at neutral pH (Figures 1b-c). Using this approach, trace
amounts of small fluorescent probe particles are suspended in aqueous solutions of oligopep-
tide, and the diffusive motion of multiple probe particles is tracked over time. Aqueous
solutions of oligopeptide are added to shallow wells in a glass dish mounted on an inverted
fluorescence microscope, and a layer of silicone oil is slowly added on top of the aqueous
peptide droplet as a barrier to prevent evaporation (Figure 5.1b). A characteristic image of
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fluorescent probe particles suspended in an oligopeptide solution is shown in Figure 5.1c.
Using PTM, the ensemble-averaged mean-squared displacement (MSD) of particles 〈∆r2(τ)〉
is determined as:
〈∆r2(τ)〉 ≡ 〈(r(τ)− r(0))2〉 = 4Dτα(τ) (5.1)
where 〈·〉 represents the ensemble average over many particle trajectories, τ is the lag time, D
is the probe particle diffusivity, and α(τ) is the diffusive exponent. The power-law diffusive
exponent α(τ) is calculated as:
α(τ) =
d ln〈∆r2(τ)〉
d ln τ
(5.2)
In this work, we focus on the long-time limit of the diffusion exponent, such that the diffusive
exponent α(τ) = α is constant. In Newtonian fluids, α = 1.0, and probe particles follow
Fickian diffusion. For non-Newtonian viscoelastic fluids, it is generally found that probe
particles exhibit sub-diffusive behavior such that 0 < α < 1.
Mean-squared displacements (MSDs) of probe particles in DFAG-OT4 solutions across a
wide range of peptide concentration c are shown in Figure 5.2a. At low peptide concentra-
tions (0.025 mg/mL to 0.1 mg/mL), probe particles exhibit Fickian diffusion with diffusive
exponent α = 1 characteristic of a simple Newtonian solution, which suggests that isolated
peptides or small aggregates are suspended in an aqueous solvent at fairly low concentrations.
Interestingly, as the peptide concentration increases above 0.1 mg/mL, α begins to deviate
from a value of unity, such that sub-diffusive behavior is observed to occur for peptide con-
centrations above 0.1 mg/mL. The onset of this behavior is thought to occur due to changes
in local microstructure, such that probe particle thermal motion becomes hindered by the
nascent fibers in solution. However, a modest change in α away from unity suggests that
the assembled structures have not yet formed a network in the peptide sample. These data,
combined with confocal imaging and electron microscopy data discussed below, suggest that
oligopeptides begin to assemble into fibers around a critical fiber concentration cfiber=0.1
mg/mL for DFAG-OT4.
The diffusive exponent α for DFAG-OT4 drops dramatically when peptide c exceeds 1
mg/mL, which is suggestive of the onset of gelation. In order to probe the sol-gel transition,
we performed a time-cure superposition (TCS) experiment to determine the critical exponent
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Figure 5.2: Microrheology of the sol-gel transition for DFAG-OT4. (a) Ensemble-averaged
MSDs 〈∆r2(τ)〉 versus lag time τ for probe particles in DFAG-OT4 solutions at different
peptide concentrations. The dashed line shows the slope for the critical diffusive expo-
nent αcrit=0.78. (b) Time-cure superposition (TCS) of the MSD for DFAG-OT4 as a func-
tion of oligopeptide concentration. The master curve converges with a critical exponent
αcrit=0.78±0.04 at the critical gel concentration cgel=1 mg/mL.
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αcrit for DFAG-OT4. By shifting the lag time τ and the MSD 〈∆r2(τ)〉 by numerical factors
of a and b, respectively, a master curve is obtained as shown in Figure 5.2b. The shift
factor a corresponds to a characteristic relaxation time, whereas the factor b is related to
the creep compliance of the system.[190] In this way, TCS can be used to determine the
relative amounts of energy stored and dissipated in a material by superposing the viscoelastic
response at different stages of assembly as a function of concentration [190–192]. The master
curve converges with a terminal of logarithmic slope αcrit = 0.78 ± 0.04, which is defined
as the critical exponent at the gel point. For diffusive exponents α > αcrit, pi-conjugated
oligopeptides are in a sol phase, wherein small fibers are suspended in a viscous solvent
without forming a network. For diffusive exponents α < αcrit, peptides are in a gel phase,
wherein self-assembled fiber structures form a percolated network spanning the entire system.
Structural and photophysical properties of assembled structures. To further
probe the molecular properties of pi-conjugated oligopeptides during assembly, we studied the
concentration-dependent assembly of DFAG-OT4 at neutral pH by combining PTM, confocal
fluorescence microscopy, circular dichroism (CD), and electron microscopy (Figure 5.3). As
discussed above, microrheology experiments show that the diffusive exponent α begins to
decrease below a value of 1.0 for c > cfiber=0.1 mg/mL, and α precipitously decreases below
the critical exponent αcrit = 0.78 at a critical gel contrentration cgel=1 mg/mL (Figure 5.3a).
For peptide concentrations c > cgel, the diffusive exponent α ≈ 0.5, which suggests that the
assembled DFAG-OT4 material is comprised of a percolated gel network. Prior studies
have determined critical gel exponents αcrit ranging between 0.5-0.8 for fractal-like polymer
growth, which is the mechanism expected for the assembly of fiber-forming peptide networks
[192]. We further probed the fluorescence emission spectra to track the progression of pi-pi
stacking interactions in the pi-conjugated cores at different stages of assembly. Interestingly,
the peak fluorescence emission wavelength exhibits a bathochromic shift upon increasing
peptide concentration (Figure 5.3a). The red-shifted fluorescence emission is further evident
in confocal fluorescence microscopy images of aqueous droplets of DFAG-OT4, especially at
the edge of the droplets (Figure 5.3c). The red shift in fluorescence emission wavelength
suggests a face-to-face molecular ordering of OT4 cores that can be associated with classic
H-aggregation. [68, 193] Indeed, for c > cgel, the fluorescence emission wavelength red-shifts
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Figure 5.3: Assembly of DFAG-OT4 using a combination of microrheology, optical spec-
troscopy, and cryo-electron microscopy. (a) Diffusive exponent α from MSDs and peak flu-
orescence emission wavelength as functions of peptide concentration for DFAG-OT4. Error
bars for the diffusive exponent denote the standard deviation from multiple measurements.
(b) CD spectra of DFAG-OT4 as a function of peptide concentration. (c) Confocal fluores-
cence microscopy images of DFAG-OT4 droplets at different peptide concentrations. Arrows
indicate the edge of the droplet. (d) Cryo-SEM image of freeze-dried DFAG-OT4 solution
at 2 mg/mL.
more than 60 nm.
To further probe the molecular-scale ordering of DFAG-OT4 during assembly, we per-
formed circular dichroism (CD) measurements of DFAG-OT4 as a function of increasing
peptide concentration at neutral pH (Figure 5.3b). In general, CD data show evidence of in-
creased molecular ordering upon increasing peptide concentration, which is consistent with a
decreasing diffusive exponent α (suggesting an approach toward a gel phase) and red-shifted
emission wavelength (suggesting pi-pi stacking interactions between pi-conjugated cores). For
peptide concentrations c > cfiber, CD absorption spectra show a broad minimum that shifts
towards 218 nm, which is characteristic of β-sheet formation [194]. Interestingly, CD data
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show that peptide subunits self-assemble towards a β-sheet rich structure for peptide con-
centrations cfiber < c < cgel, which occurs before the onset of the sol-gel transition at cgel.
Therefore, CD spectra confirm that oligopeptide interactions gradually give rise to hydrogen-
bonded structures upon increasing peptide concentration, likely due to interactions between
adjacent peptide flanking sequences, which occurs before the onset of gelation. Finally, we
performed cryo-electron microscopy on the assembled DFAG-OT4 materials. Scanning elec-
tron microscopy (SEM) images obtained from freeze-dried DFAG-OT4 solutions (2 mg/mL)
directly reveal the existence of interlaced 3D percolated networks with an average mesh size
. 1 µm (Figure 5.3d).
In addition to studying the concentration-driven self-assembly of oligopeptides at neutral
pH, we also studied the pH-driven assembly of DFAG-OT4 under acidic conditions [76, 181].
Here, we triggered the self-assembly of DFAG-OT4 by allowing acid vapor to slowly diffuse
through a layer of silicone oil that isolates an aqueous droplet of DFAG-OT4 (Figure 5.1b),
as previously described [76]. In these experiments, we also used microrheology to track the
sol-gel transition of an aqueous solution of DFAG-OT4 containing probe particles under
diffusion-dominated conditions (Figure 5.4). The formation of assembled fibers in acidic
conditions is indicated by a shift in the MSD of probe particle diffusion away from simple
Fickian diffusion, such that the diffusive exponent α < 1. For kinetically controlled acid-
driven self-assembly, the onset of gelation occurs at t = 10 h when the diffusive exponent
α ≈ αcrit and completes at t = 16 h with a diffusive exponent α ≈ 0.1, which is much
smaller than αcrit. This suggests the gel formed through acid-driven assembly is a strong gel
(storage dominated). On the other hand, the gel formed via concentration-driven assembly
at c > cgel shows a diffusive exponent α ≈ 0.5, which is indicative of a weak gel.
Prior work has shown that DFAG-OT4 peptides self-assemble into fiber-like structures
via hydrogen bonding interactions in acidic conditions due to protonation of aspartic acid
residues for pH < pKa for Asp [72]. Under these conditions, electrostatic repulsions are
screened and pi-conjugated oligopeptides assemble into fiber-like structures via intermolecu-
lar H-bonding interactions between peptide flanking sequences and pi-pi interactions between
adjacent pi-conjugated cores. The acid-driven self-assembly process leads to a hypsochromic
shift in absorption and quenched bathochromic shift in fluorescence emission (Figure 5.5),
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Figure 5.4: Microrheology of acid-triggered self-assembly of DFAG-OT4. (a) Probe particle
MSDs for pH-driven assembly for DFAG-OT4. In these experiments, an aqueous droplet of
DFAG-OT4 is isolated using a layer of silicone oil as a barrier, and acid vapor is allowed
to diffuse through the barrier to trigger self-assembly. (b) Diffusive exponents α for MSDs
determined from pH-driven self-assembly experiments as a function of time. Here, time t = 0
h is defined as the time at which acid vapor is added to the head space above the silicone
oil, thereby triggering the onset of assembly.
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Figure 5.5: UV-Vis absorption spectra and fluorescence emission spectra of unassembled
and assembled DFAG-OT4 (c < cfiber) under neutral pH conditions (pH=7) and acidic
conditions (pH=1), respectively.
which can be attributed to the ordering of pi-conjugated cores and is a signature for the for-
mation of H-aggregate stacks within the molecular subunits [193]. Hence, despite differences
in micromechanics, the molecular structure of the assembled fibers from both acid-driven
and concentration driven assembly appears to be similar.
Concentration-driven assembly of pi-conjugated OT4 oligopeptides. Taken to-
gether, the results in Figures 5.2 and 5.3 suggest that DFAG-OT4 oligopeptides assemble
into higher-order fiber-like structures without triggering assembly under acidic conditions.
Concentration-driven assembly can be understood by considering pi-pi stacking interactions
and dispersive interactions within the OT4 cores [195]. Upon increasing concentration,
peptide aggregation is mediated by pi-pi stacking of quarterthiophene cores, which further
facilitates H-bonding interactions between adjacent peptides in the flanking sequences. Ap-
parently, assembly occurs even under neutral pH conditions (pH=7.0), where electrostatic
repulsions are present due to negative charges on aspartic acid residues. Interestingly, pi-
stacking interactions of the OT4 cores alone are not sufficient to induce assembly. Under
basic conditions (pH=8 and pH=14), no evidence of peptide assembly was observed us-
ing microrheology, even for peptide concentrations above the fiber formation concentration
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Figure 5.6: Probe particle MSDs of DFAG-OT4 solutions with peptide concentrations
c=0.5 mg/mL (c > cfiber) at pH=7, pH=8, and pH=14. Probe particle MSDs show Fickian
diffusion with a diffusive exponent of α=1 under basic conditions (pH=8 and pH=14), which
indicates the absence of self-assembly.
c > cfiber (Figure 5.6). Under basic solution conditions, strong electrostatic repulsions hin-
der aggregation of peptides into large assembled structures, however, recent coarse-grained
molecular dynamics simulations have shown that some pi-conjugated peptides associate into
small aggregrates under these conditions [196].
Optical spectroscopy, microrheology, and cryo-EM experiments demonstrate that fiber-
like structures form in DFAG-OT4 solutions upon increasing peptide concentration. In fact,
concentration-dependent self-assembly driven by pi-pi interactions has been observed in syn-
thetic pi-conjugated supramolecular systems based on discotic molecules, when the degree
of polymerization increases with monomer concentration [197]. For synthetic pi-conjugated
oligopeptides, however, concentration-dependent assembly is thought to be driven by a com-
bination of enthalpic forces (H-bonding and pi-pi stacking interactions) and entropic forces
(hydrophobic effects) [72]. On the other hand, the pH-driven sol-gel transition is challenging
to observe, mainly due to a narrow window of pH in the vicinity of the transition (Figure
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5.7), combined with a rapid molecular assembly process that usually completes within sec-
onds due to H-bonding interactions between the peptide flanking sequences [76]. From this
perspective, using peptide concentration as the external parameter controlling assembly, the
sol-gel process can be probed across a wide range of experimentally accessible conditions.
Linear viscoelastic moduli and structural homogeneity. We further determined
the linear viscoelastic moduli (storage modulus G′(ω) and loss modulus G′′(ω)) as a function
of frequency ω using probe microrheology. The viscoelastic moduli of a sample can be
determined from the measurement of 〈∆r2(τ)〉 using the generalized Stokes-Einstein relation
(GSER) under the assumption that probe particles are in a continuum and particle interia
is negligible [198, 199], such that:
G∗(ω) =
kbT
piaiωFu{〈∆r2(τ)〉} (5.3)
where kb is the Boltzmann constant, Fu{〈∆r2(τ)〉} is the unilateral complex Fourier trans-
form of the mean-squared displacement [2], i is the imaginary unit, a is probe (bead) radius,
and G∗(ω) is the complex modulus defined as:
G∗(ω) = G′(ω) + iG′′(ω) (5.4)
For discrete MSD data acquired from the experiment, the complex modulus G∗(ω) can be
approximated as:
G∗(ω) ≈ kbT exp[ipiα(ω)/2]
piai〈∆r2(1/ω)〉Γ[1 + α(ω)] (5.5)
where Γ is the Γ-function and the angular frequency ω = 1/τ .
The viscoelastic moduli G′ and G′′ for DFAG-OT4 are shown in Figures 5.8a-b under
neutral pH conditions (pH=7) at two different peptide concentrations. For a peptide con-
centration of 0.5 mg/mL (such that cfiber < c < cgel), the loss modulus G
′′(ω) dominates the
storage modulus G′ at all frequencies, which suggests that the peptide solution is viscous-like
and the nascent fibers have not yet formed an entangled network. For a peptide concentra-
tion of 2 mg/mL (such that c > cgel), the loss and storage moduli scale with nearly the same
power-law relation as a function of frequency, such that G′(ω) ≈ G”(ω) ∼ ω1/2. This behav-
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Figure 5.7: Photophysical properties of DFAG-OT4. (a) Fluorescence emission spectra
of DFAG-OT4 ranging from neutral pH conditions (pH=7) to acidic conditions (pH=1).
Quenched bathochromic shift in emission spectra is characteristic of the formation of H-
aggregate stacks in oligopeptide subunits, as discussed in the main text. (b) Comparison
of peak fluorescence emission wavelengths of DFAG-OT4 from pH-driven self-assembly and
concentration-driven self-assembly (with the latter data set at pH=7). For pH-driven self-
assembly, the emission wavelength shifts abruptly within a small pH window. For concentra-
tion self-assembly, however, the emission wavelength shifts gradually upon increasing con-
centration. For both assembly mechanisms, the bathochromic shift in emission wavelength
is ∼60 nm.
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Figure 5.8: Viscoelastic moduli G′(ω) and G′′(ω) as a function of frequency ω determined
from microrheology experiments for DFAG-OT4 at neutral pH (pH=7) at: (a) 0.5 mg/mL
and (b) 2 mg/mL. (c) Representative probe particle trajectories and (d) van Hove correlation
functions of probe particle trajectories at peptide concentrations of 0.1 mg/mL, 1 mg/mL,
and 2 mg/mL. Solid lines are Gaussian fits. Scale bar = 2 µm.
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ior is a signature of the critical gel point according to the Chambon and Winter criterion
[200, 201]. Here, the storage modulus G′ ≈ 0.06 Pa, which is characteristic of a mechanically
weak incipient gel. These results are consistent with the data and conclusions drawn from
the diffusive exponent, as discussed above.
We further investigated the structural homogeneity of DFAG-OT4 oligopeptide solutions
(Figures 5.8c-d). Representative probe particle trajectories are shown in Figure 5.8c in
DFAG-OT4 solutions at different peptide concentrations. Upon increasing peptide concen-
tration, probe particle motion becomes increasingly restrained due to the formation of a fiber
network. To quantify these data, we determined van Hove correlation functions showing the
probability of probe particle displacement ∆r for lag times between 0 s < τ < 1.7 s over at
least 8000 data points, as shown in Figure 5.8d. Experimental data are fit to a Gaussian
function:
P (∆r, τ) =
1
(4piDτ)1/2
exp
(−〈∆r2〉
4Dτ
)
(5.6)
where P (∆r, τ) is the probability of particle displacement as a function of lag time τ . Equa-
tion 5.6 is used to fit the data before gelation at c < cgel, during the sol-gel transition at
c = cgel, and after gelation at c > cgel. The Gaussian function shows good agreement with
experimental data, indicating that the system is purely diffusive. Probe particle motion can
be described by a simple random walk with decreasing diffusion constant, which is reflected
from the reduced variance of the Gaussian distribution. Moreover, Gaussian statistics of a
van Hove correlation function serve as a good indicator of sample homogeneity [202], such
that particle displacement ∆r for individual probe particles can be described by the same
diffusion constant. In this way, we observe no evidence of sample inhomogeneities during
the sol-gel transition for c > cgel for DFAG-OT4.
Effect of pi-conjugated core on oligopeptide assembly. We further sought to study
the effect of pi-conjugated cores on the self-assembly of synthetic oligopeptides. For these
experiments, we again applied the combined experimental approach including microrheol-
ogy, optical spectroscopy, and cryo-EM to aqueous solutions of DFAG-PDI (Figure 5.9).
Microrhelogy reveals that the diffusive exponent α = 1 for peptide concentrations rang-
ing between 0.1 and 4 mg/mL at neutral pH (Figure 5.9a). In all cases, the oligopeptide
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Figure 5.9: Assembly of DFAG-PDI using a combination of microrheology, optical spec-
troscopy, and cryo-electron microscopy. (a) Ensemble-averaged MSDs 〈∆r2(τ)〉 as a function
of lag time τ for probe particles in DFAG-PDI solutions with different concentrations. (b)
Diffusive exponent α from microrheology and peak fluorescence emission wavelength as func-
tions of peptide concentration for DFAG-PDI. Error bars for the diffusive exponent denote
the standard deviation from multiple measurements. (c) Confocal fluorescence microscopy
images of DFAG-PDI droplets at different concentrations. Arrow indicate the edge of the
droplet. (d) Cryo-SEM image of DFAG-PDI solution at 1 mg/mL.
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solution remains Newtonian with the apparent lack of network formation upon increasing
peptide concentration. Although DFAG-OT4 and DFAG-PDI oligopeptides share the same
amino acid flanking sequences, the diffusive exponent and peak fluorescence emission wave-
length remain constant for DFAG-PDI across a wide range of peptide concentrations (Figure
5.9b), which starkly contrasts the behavior of DFAG-OT4 (Figure 5.3a). Moreover, confocal
fluorescence images of DFAG-PDI droplets show no change in color upon increasing peptide
concentration (Figure 5.9c), which again contrasts DFAG-OT4 (Figure 5.3c). Interestingly,
SEM images of DFAG-PDI reveal the formation of few extremely short fibers on the order
of size ≈100 nm (Figure 5.9d), which is consistent with apparent Newtonian behavior of the
solution and lack of spectral shifts even at high peptide concentrations.
The OT4 core is connected by three C-C bonds (between sp2 carbon atoms), thereby
resulting in additional degrees of torsional flexibility compared to PDI. Indeed, the bulky
PDI core in DFAG-PDI can be viewed as two naphthalene half units connected together by
C-C bonds, thereby resulting in a large pi-conjugated aromatic core. The steric strain in
the two half-units tends to twist the PDI core into a propeller-like structure with an angle
of ∼30◦ [203]. The twist in the pi-conjugated core is also reflected in the unique vibronic
secondary peak in the fluorescence emission spectrum (Figure 5.10) [204].
The distortion of PDI core from planarity restricts the aggregation and packing of the
DFAG-PDI monomers, despite the appended peptide flanking sequences that adds some
degrees of freedom and the potential for H-bonding. Therefore, the potential attractive
enthalpic interactions are not able to overcome the large degree of steric repulsion origi-
nating from the PDI core at neutral pH (pH=7), which likely precludes the assembly of
DFAG-PDI into long fibers and percolated networks upon increasing peptide concentra-
tion. Finally, DFAG-PDI can be induced to self-assemble under acidic conditions at low pH
(Figures 5.10 and 5.11), presumably by screened electrostatic repulsions, as indicated from
the hypsochromic shift in the absorption spectrum and quenched bathochromic shift in the
fluorescence emission spectrum.
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Figure 5.10: UV-Vis absorption spectra and fluorescence emission spectra of unassembled
DFAG-PDI under neutral pH conditions (pH=7) and assembled DFAG-PDI under acidic
conditions (pH=1). The vibronic structure in both the absorption and emission spectra for
unassembled DFAG-PDI is thought to arise from the geometrical twist in the PDI core, as
discussed in the main text.
5.4 Conclusions
In this chapter, we combine multiple particle tracking microrheology, confocal fluorescence
microscopy, optical spectroscopy, and electron microscopy to investigate the structural and
optical properties of pi-conjugated oligopeptides across a wide range of peptide conditions.
Self-assembly and in situ fiber formation is monitored in solution under near-equilibrium
conditions using both concentration-driven assembly and acid-driven assembly. Our results
show that pi-conjugated oligopeptides with relatively flexible OT4 cores self-assemble into
fiber-like structures under neutral pH (pH=7), however, peptides with sterically constrained
PDI cores show no evidence of assembly upon increasing peptide concentration at neutral pH.
For DFAG-OT4, microrheology and fluorescence emission spectra indicate the existence of a
critical fiber concentration cfiber=0.1 mg/mL and a critical gel concentration cgel=1 mg/mL
with a critical diffusive exponent αcrit=0.78±0.04 from time-cure superposition (TCS) anal-
ysis. CD spectra confirm the formation of β-sheet rich fiber structures at c > cgel for DFAG-
OT4, and the loss modulus G′′(ω) dominates at c < cgel while at c > cgel, G′(ω) ≈ G”(ω),
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Figure 5.11: Photophysical properties of DFAG-PDI. (a) Fluorescence emission spectra
of DFAG-PDI ranging from neutral pH conditions (pH=7) to acidic conditions (pH=1).
(b) Comparison of peak fluorescence emission wavelength of DFAG-PDI for pH-driven self-
assembly and concentration-driven self-assembly (with the latter data set at pH=7). For
pH-driven self-assembly, the emission wavelength shifts abruptly within a small pH window.
For concentration-driven self-assembly, however, the emission wavelength does not shift,
which suggests the complete lack of supramolecular assembly for this material under neutral
pH.
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which is the hallmark of a critical incipient gel. Moreover, probe particle trajectories are
well described by Gaussian statistics, which suggests that the materials remain homogeneous
before and after the sol-gel transition. Compared to acid-driven self-assembly, the gel formed
through concentration-driven assembly is much weaker but the molecular stacking structures
resulting from both schemes are similar.
The combined microrheology-spectroscopy approach in this work is useful in elucidat-
ing the structural and optical properties of pi-conjugated oligopeptides. This powerful ap-
proach enables effective monitoring and control over the self-assembly process for synthetic
pi-conjugated oligopeptides in situ, which can be challenging to achieve. Given the potential
applications for biohybrid synthetic peptides in electronic materials, conductive fibers or gels
possessing specified mechanical strengths could be assembled and manufactured in a con-
trolled fashion by precisely tuning concentration and/or acid diffusion time. Furthermore,
our results further help to illuminate the fundamental self-assembly mechanisms for synthetic
pi-conjugated oligopeptides in solution under pH-neutral conditions. Taken together, these
results may benefit the solution processing of pi-conjugated oligopeptides for next-generation
optoelectronic materials, while further informing bottom-up design rules for new classes of
molecular building blocks.
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